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Preface 


Thomas’ Calculus: Early Transcendentals, Thirteenth Edition, provides a modern intro- 
duction to calculus that focuses on conceptual understanding in developing the essential 
elements of a traditional course. This material supports a three-semester or four-quarter 
calculus sequence typically taken by students in mathematics, engineering, and the natural 
sciences. Precise explanations, thoughtfully chosen examples, superior figures, and time- 
tested exercise sets are the foundation of this text. We continue to improve this text in 
keeping with shifts in both the preparation and the ambitions of today’s students, and the 
applications of calculus to a changing world. 

Many of today’s students have been exposed to the terminology and computational 
methods of calculus in high school. Despite this familiarity, their acquired algebra and 
trigonometry skills sometimes limit their ability to master calculus at the college level. In 
this text, we seek to balance students’ prior experience in calculus with the algebraic skill 
development they may still need, without slowing their progress through calculus itself. We 
have taken care to provide enough review material (in the text and appendices), detailed 
solutions, and variety of examples and exercises, to support a complete understanding of 
calculus for students at varying levels. We present the material in a way to encourage stu- 
dent thinking, going beyond memorizing formulas and routine procedures, and we show 
students how to generalize key concepts once they are introduced. References are made 
throughout which tie a new concept to a related one that was studied earlier, or to a gen- 
eralization they will see later on. After studying calculus from Thomas, students will have 
developed problem solving and reasoning abilities that will serve them well in many im- 
portant aspects of their lives. Mastering this beautiful and creative subject, with its many 
practical applications across so many fields of endeavor, is its own reward. But the real gift 
of studying calculus is acquiring the ability to think logically and factually, and learning 
how to generalize conceptually. We intend this book to encourage and support those goals. 


In this new edition we further blend conceptual thinking with the overall logic and struc- 
ture of single and multivariable calculus. We continue to improve clarity and precision, 
taking into account helpful suggestions from readers and users of our previous texts. While 
keeping a careful eye on length, we have created additional examples throughout the text. 
Numerous new exercises have been added at all levels of difficulty, but the focus in this 
revision has been on the mid-level exercises. A number of figures have been reworked and 
new ones added to improve visualization. We have written a new section on probability, 
which provides an important application of integration to the life sciences. 

We have maintained the basic structure of the Table of Contents, and retained im- 
provements from the twelfth edition. In keeping with this process, we have added more 
improvements throughout, which we detail here: 
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Continuing Features 


e Functions In discussing the use of software for graphing purposes, we added a brief 
subsection on least squares curve fitting, which allows students to take advantage of 
this widely used and available application. Prerequisite material continues to be re- 
viewed in Appendices 1-3. 


e Continuity We clarified the continuity definitions by confining the term “endpoints” to 
intervals instead of more general domains, and we moved the subsection on continuous 
extension of a function to the end of the continuity section. 


e Derivatives We included a brief geometric insight justifying 1’ H6pital’s Rule. We also 
enhanced and clarified the meaning of differentiability for functions of several vari- 
ables, and added a result on the Chain Rule for functions defined along a path. 


e Integrals We wrote a new section reviewing basic integration formulas and the Sub- 
stitution Rule, using them in combination with algebraic and trigonometric identities, 
before presenting other techniques of integration. 


e Probability We created a new section applying improper integrals to some commonly 
used probability distributions, including the exponential and normal distributions. 
Many examples and exercises apply to the life sciences. 


e Series We now present the idea of absolute convergence before giving the Ratio and 
Root Tests, and then state these tests in their stronger form. Conditional convergence is 
introduced later on with the Alternating Series Test. 


e Multivariable and Vector Calculus We give more geometric insight into the idea of 
multiple integrals, and we enhance the meaning of the Jacobian in using substitutions 
to evaluate them. The idea of surface integrals of vector fields now parallels the notion 
for line integrals of vector fields. We have improved our discussion of the divergence 
and curl of a vector field. 


e Exercises and Examples Strong exercise sets are traditional with Thomas’ Calculus, 
and we continue to strengthen them with each new edition. Here, we have updated, 
changed, and added many new exercises and examples, with particular attention to in- 
cluding more applications to the life science areas and to contemporary problems. For 
instance, we updated an exercise on the growth of the U.S. GNP and added new exer- 
cises addressing drug concentrations and dosages, estimating the spill rate of a ruptured 
oil pipeline, and predicting rising costs for college tuition. 


RIGOR = The level of rigor is consistent with that of earlier editions. We continue to distin- 
guish between formal and informal discussions and to point out their differences. We think 
starting with a more intuitive, less formal, approach helps students understand a new or dif- 
ficult concept so they can then appreciate its full mathematical precision and outcomes. We 
pay attention to defining ideas carefully and to proving theorems appropriate for calculus 
students, while mentioning deeper or subtler issues they would study in a more advanced 
course. Our organization and distinctions between informal and formal discussions give the 
instructor a degree of flexibility in the amount and depth of coverage of the various top- 
ics. For example, while we do not prove the Intermediate Value Theorem or the Extreme 
Value Theorem for continuous functions ona = x = b, we do state these theorems precisely, 
illustrate their meanings in numerous examples, and use them to prove other important re- 
sults. Furthermore, for those instructors who desire greater depth of coverage, in Appendix 
6 we discuss the reliance of the validity of these theorems on the completeness of the real 
numbers. 


Additional Resources 
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WRITING EXERCISES Writing exercises placed throughout the text ask students to ex- 
plore and explain a variety of calculus concepts and applications. In addition, the end of 
each chapter contains a list of questions for students to review and summarize what they 
have learned. Many of these exercises make good writing assignments. 


END-OF-CHAPTER REVIEWS AND PROJECTS In addition to problems appearing after 
each section, each chapter culminates with review questions, practice exercises covering 
the entire chapter, and a series of Additional and Advanced Exercises serving to include 
more challenging or synthesizing problems. Most chapters also include descriptions of 
several Technology Application Projects that can be worked by individual students or 
groups of students over a longer period of time. These projects require the use of a com- 
puter running Mathematica or Maple and additional material that is available over the 
Internet at www.pearsonhighered.com/thomas and in MyMathLab. 


WRITING AND APPLICATIONS As always, this text continues to be easy to read, conversa- 
tional, and mathematically rich. Each new topic is motivated by clear, easy-to-understand 
examples and is then reinforced by its application to real-world problems of immediate 
interest to students. A hallmark of this book has been the application of calculus to science 
and engineering. These applied problems have been updated, improved, and extended con- 
tinually over the last several editions. 


TECHNOLOGY Ina course using the text, technology can be incorporated according to 
the taste of the instructor. Each section contains exercises requiring the use of technology; 
these are marked with a |T | if suitable for calculator or computer use, or they are labeled 
Computer Explorations if a computer algebra system (CAS, such as Maple or Math- 
ematica) is required. 


INSTRUCTOR’S SOLUTIONS MANUAL 

Single Variable Calculus (Chapters 1-11), ISBN 0-321-88408-6 | 978-0-321-88408-4 
Multivariable Calculus (Chapters 10-16), ISBN 0-321-87901-5 | 978-0-321-87901-1 
The Jnstructor’s Solutions Manual contains complete worked-out solutions to all of the 
exercises in Thomas’ Calculus: Early Transcendentals. 


STUDENT’S SOLUTIONS MANUAL 

Single Variable Calculus (Chapters 1-11), ISBN 0-321-88410-8 | 978-0-321-88410-7 
Multivariable Calculus (Chapters 10-16), ISBN 0-321-87897-3 | 978-0-321-87897-7 
The Student’s Solutions Manual is designed for the student and contains carefully 
worked-out solutions to all the odd-numbered exercises in Thomas’ Calculus: Early 
Transcendentals. 


JUST-IN-TIME ALGEBRA AND TRIGONOMETRY FOR 

EARLY TRANSCENDENTALS CALCULUS, Fourth Edition 

ISBN 0-321-67103-1 | 978-0-321-67103-5 

Sharp algebra and trigonometry skills are critical to mastering calculus, and Just-in-Time 
Algebra and Trigonometry for Early Transcendentals Calculus by Guntram Mueller and 
Ronald I. Brent is designed to bolster these skills while students study calculus. As stu- 
dents make their way through calculus, this text is with them every step of the way, show- 
ing them the necessary algebra or trigonometry topics and pointing out potential problem 
spots. The easy-to-use table of contents has algebra and trigonometry topics arranged in 
the order in which students will need them as they study calculus. 


xii 
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Technology Resource Manuals 

Maple Manual by Marie Vanisko, Carroll College 

Mathematica Manual by Marie Vanisko, Carroll College 

TI-Graphing Calculator Manual by Elaine McDonald-Newman, Sonoma State University 
These manuals cover Maple 17, Mathematica 8, and the TI-83 Plus/TI-84 Plus and TI-89, 
respectively. Each manual provides detailed guidance for integrating a specific software 
package or graphing calculator throughout the course, including syntax and commands. 
These manuals are available to qualified instructors through the Thomas’ Calculus: Early 
Transcendentals Web site, www.pearsonhighered.com/thomas, and MyMathLab. 


WEB SITE www.pearsonhighered.com/thomas 

The Thomas’ Calculus: Early Transcendentals Web site contains the chapter on Second- 
Order Differential Equations, including odd-numbered answers, and provides the ex- 
panded historical biographies and essays referenced in the text. The Technology Resource 
Manuals and the Technology Application Projects, which can be used as projects by in- 
dividual students or groups of students, are also available. 


MyMathLab® Online Course (access code required) 

MyMathLab from Pearson is the world’s leading online resource in mathematics, integrat- 

ing interactive homework, assessment, and media in a flexible, easy-to-use format. 
MyMathLab delivers proven results in helping individual students succeed. 


e MyMathLab has a consistently positive impact on the quality of learning in higher 
education math instruction. MyMathLab can be successfully implemented in any 
environment—lab-based, hybrid, fully online, traditional—and demonstrates the quan- 
tifiable difference that integrated usage makes in regard to student retention, subse- 
quent success, and overall achievement. 


@ MyMathLab’s comprehensive online gradebook automatically tracks your students’ re- 
sults on tests, quizzes, homework, and in the study plan. You can use the gradebook to 
quickly intervene if your students have trouble, or to provide positive feedback on a job 
well done. The data within MyMathLab are easily exported to a variety of spreadsheet 
programs, such as Microsoft Excel. You can determine which points of data you want 
to export, and then analyze the results to determine success. 


MyMathLab provides engaging experiences that personalize, stimulate, and measure 
learning for each student. 


e “Getting Ready” chapter includes hundreds of exercises that address prerequisite 
skills in algebra and trigonometry. Each student can receive remediation for just those 
skills he or she needs help with. 


e Exercises: The homework and practice exercises in MyMathLab are correlated to the 
exercises in the textbook, and they regenerate algorithmically to give students unlim- 
ited opportunity for practice and mastery. The software offers immediate, helpful feed- 
back when students enter incorrect answers. 


e Multimedia Learning Aids: Exercises include guided solutions, sample problems, 
animations, Java™ applets, videos, and eText access for extra help at point-of-use. 


e Expert Tutoring: Although many students describe the whole of MyMathLab as “like 
having your own personal tutor,’ students using MyMathLab do have access to live 
tutoring from Pearson, from qualified math and statistics instructors. 
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And, MyMathLab comes from an experienced partner with educational expertise and an 
eye on the future. 


e Knowing that you are using a Pearson product means knowing that you are using qual- 
ity content. It means that our eTexts are accurate and our assessment tools work. It also 
means we are committed to making MyMathLab as accessible as possible. 


e Whether you are just getting started with MyMathLab, or have a question along the 
way, we’re here to help you learn about our technologies and how to incorporate them 
into your course. 


To learn more about how MyMathLab combines proven learning applications with power- 
ful assessment, visit www.mymathlab.com or contact your Pearson representative. 


Video Lectures with Optional Captioning 

The Video Lectures with Optional Captioning feature an engaging team of mathemat- 
ics instructors who present comprehensive coverage of topics in the text. The lecturers’ 
presentations include examples and exercises from the text and support an approach that 
emphasizes visualization and problem solving. Available only through MyMathLab and 
MathXL. 


MathXL® Online Course (access code required) 
MathXL}® is the homework and assessment engine that runs MyMathLab. (MyMathLab is 
MathXL plus a learning management system.) 

With MathXL, instructors can: 


@ Create, edit, and assign online homework and tests using algorithmically generated ex- 
ercises correlated at the objective level to the textbook. 


@ Create and assign their own online exercises and import TestGen tests for added flexibility. 
e@ Maintain records of all student work tracked in MathXL’s online gradebook. 
With MathXL, students can: 


e Take chapter tests in MathXL and receive personalized study plans and/or personalized 
homework assignments based on their test results. 


e Use the study plan and/or the homework to link directly to tutorial exercises for the 
objectives they need to study. 


e Access supplemental animations and video clips directly from selected exercises. 


MathXL is available to qualified adopters. For more information, visit our website at 
www.mathxl.com, or contact your Pearson representative. 


TestGen® 

TestGen® (www.pearsoned.com/testgen) enables instructors to build, edit, print, and ad- 
minister tests using a computerized bank of questions developed to cover all the objec- 
tives of the text. TestGen is algorithmically based, allowing instructors to create multiple 
but equivalent versions of the same question or test with the click of a button. Instructors 
can also modify test bank questions or add new questions. The software and test bank are 
available for download from Pearson Education’s online catalog. 


PowerPoint® Lecture Slides 

These classroom presentation slides are geared specifically to the sequence and philosophy 
of the Thomas’ Calculus series. Key graphics from the book are included to help bring the 
concepts alive in the classroom.These files are available to qualified instructors through 
the Pearson Instructor Resource Center, www.pearsonhighered/irc, and MyMathLab. 
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Functions 


OVERVIEW Functions are fundamental to the study of calculus. In this chapter we review 
what functions are and how they are pictured as graphs, how they are combined and trans- 
formed, and ways they can be classified. We review the trigonometric functions, and we 
discuss misrepresentations that can occur when using calculators and computers to obtain 
a function’s graph. We also discuss inverse, exponential, and logarithmic functions. The 
real number system, Cartesian coordinates, straight lines, circles, parabolas, and ellipses 
are reviewed in the Appendices. 


1 ° 1 Functions and Their Graphs 


Functions are a tool for describing the real world in mathematical terms. A function can be 
represented by an equation, a graph, a numerical table, or a verbal description; we will use 
all four representations throughout this book. This section reviews these function ideas. 


Functions; Domain and Range 


The temperature at which water boils depends on the elevation above sea level (the boiling 
point drops as you ascend). The interest paid on a cash investment depends on the length of 
time the investment is held. The area of a circle depends on the radius of the circle. The dis- 
tance an object travels at constant speed along a straight-line path depends on the elapsed time. 

In each case, the value of one variable quantity, say y, depends on the value of another 
variable quantity, which we might call x. We say that “y is a function of x” and write this 
symbolically as 


y=f  (yequals f of x’). 


In this notation, the symbol f represents the function, the letter x is the independent variable 
representing the input value of f, and y is the dependent variable or output value of f at x. 


DEFINITION A function f from a set D to a set Y is a rule that assigns a unique 
(single) element f(x) € Y to each element x € D. 


The set D of all possible input values is called the domain of the function. The set of 
all output values of f(x) as x varies throughout D is called the range of the function. The 
range may not include every element in the set Y. The domain and range of a function can 
be any sets of objects, but often in calculus they are sets of real numbers interpreted as 
points of a coordinate line. (In Chapters 13-16, we will encounter functions for which the 
elements of the sets are points in the coordinate plane or in space.) 
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Input Output 


(domain) (range) 


FIGURE 1.1 A diagram showing a 
function as a kind of machine. 


‘ yy 
Cy Saodes 


D = domain set Y = set containing 
the range 


FIGURE 1.2 A function from a set D 
to a set Y assigns a unique element of Y 
to each element in D. 


Often a function is given by a formula that describes how to calculate the output value 
from the input variable. For instance, the equation A = 7rr? is a rule that calculates the 
area A of a circle from its radius r (so r, interpreted as a length, can only be positive in this 
formula). When we define a function y = f(x) with a formula and the domain is not stated 
explicitly or restricted by context, the domain is assumed to be the largest set of real 
x-values for which the formula gives real y-values, which is called the natural domain. If 
we want to restrict the domain in some way, we must say so. The domain of y = x? is the 
entire set of real numbers. To restrict the domain of the function to, say, positive values of 
x, we would write “y = x?,x > 0.” 

Changing the domain to which we apply a formula usually changes the range as well. 
The range of y = x” is [0,00). The range of y = x*, x = 2, is the set of all numbers 
obtained by squaring numbers greater than or equal to 2. In set notation (see Appendix 1), 
the range is {x?|x = 2} or {y|y = 4} or [4, 00). 

When the range of a function is a set of real numbers, the function is said to be real- 
valued. The domains and ranges of most real-valued functions of a real variable we con- 
sider are intervals or combinations of intervals. The intervals may be open, closed, or half 
open, and may be finite or infinite. Sometimes the range of a function is not easy to find. 

A function f is like a machine that produces an output value f(x) in its range whenever we 
feed it an input value x from its domain (Figure 1.1). The function keys on a calculator give an 
example of a function as a machine. For instance, the Vx key on a calculator gives an output 
value (the square root) whenever you enter a nonnegative number x and press the Vx key. 

A function can also be pictured as an arrow diagram (Figure 1.2). Each arrow associates 
an element of the domain D with a unique or single element in the set Y. In Figure 1.2, the 
arrows indicate that f(a) is associated with a, f(x) is associated with x, and so on. Notice that 
a function can have the same value at two different input elements in the domain (as occurs 
with f(a) in Figure 1.2), but each input element x is assigned a single output value f(x). 


EXAMPLE 1 Let’s verify the natural domains and associated ranges of some simple 
functions. The domains in each case are the values of x for which the formula makes sense. 


Function Domain (x) Range (y) 
y=xr (00, 00) [ 0, 00) 
y= 1/x (09, 0) U (0, 00) (—09, 0) U (0, 00) 
y= Vx [ 0, 00) [ 0, 00) 


y=V4-x (—co, 4] [ 0, 00) 
y=V1-x [-1, 1] [0,1] 


Solution The formula y = x’ gives a real y-value for any real number x, so the domain 
is (—00, 00), The range of y = x? is [ 0, 00) because the square of any real number is non- 
negative and every nonnegative number y is the square of its own square root, y = (Vy)? 
for y = 0. 

The formula y = 1/x gives a real y-value for every x except x = 0. For consistency 
in the rules of arithmetic, we cannot divide any number by zero. The range of y = 1/x, the 
set of reciprocals of all nonzero real numbers, is the set of all nonzero real numbers, since 
y = 1/(1/y). That is, for y ~ 0 the number x = 1/y is the input assigned to the output 
value y. 

The formula y = Vx gives a real y-value only if x = 0. The range of y = Vx is 
[ 0, 00) because every nonnegative number is some number’s square root (namely, it is the 
square root of its own square). 

In y = V4 — x, the quantity 4 — x cannot be negative. That is, 4 — x = 0, or 
x = 4. The formula gives real y-values for all x = 4. The range of V4 — x is [ 0, 0), 
the set of all nonnegative numbers. 


x y=x? 
3 4 
Zi 1 

0 0 

1 1 

3 2 

2 4 

2 4 


FIGURE 1.5 Graph of the function 
in Example 2. 
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The formula y = V1 — x’ gives areal y-value for every x in the closed interval from 
—1 to 1. Outside this domain, 1 — x? is negative and its square root is not a real number. 
The values of 1 — x? vary from 0 to 1 on the given domain, and the square roots of these 
values do the same. The range of V1 — x? is [0,1]. a 


Graphs of Functions 


If f is a function with domain D, its graph consists of the points in the Cartesian plane 
whose coordinates are the input-output pairs for f. In set notation, the graph is 


Ti, FO) |xeD}. 


The graph of the function f(x) = x + 2 is the set of points with coordinates (x, y) for 
which y = x + 2. Its graph is the straight line sketched in Figure 1.3. 

The graph of a function f is a useful picture of its behavior. If (x, y) is a point on the 
graph, then y = f(x) is the height of the graph above (or below) the point x. The height 
may be positive or negative, depending on the sign of f(x) (Figure 1.4). 


FIGURE 1.3 The graph of f(x) = x + 2 FIGURE 1.4 If (x, y) lies on the graph of 

is the set of points (x, y) for which y has the f, then the value y = f(x) is the height of 

value x + 2. the graph above the point x (or below x if 
f(x) is negative). 


EXAMPLE 2 Graph the function y = x? over the interval [—2, 2]. 


Solution Make a table of xy-pairs that satisfy the equation y = x7. Plot the points (x, y) 
whose coordinates appear in the table, and draw a smooth curve (labeled with its equation) 
through the plotted points (see Figure 1.5). a 


How do we know that the graph of y = x” doesn’t look like one of these curves? 


>< 
>< 
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To find out, we could plot more points. But how would we then connect them? The basic 
question still remains: How do we know for sure what the graph looks like between the 
points we plot? Calculus answers this question, as we will see in Chapter 4. Meanwhile, 
we will have to settle for plotting points and connecting them as best we can. 


Representing a Function Numerically 


We have seen how a function may be represented algebraically by a formula (the area 
function) and visually by a graph (Example 2). Another way to represent a function is 
numerically, through a table of values. Numerical representations are often used by engi- 
neers and experimental scientists. From an appropriate table of values, a graph of the func- 
tion can be obtained using the method illustrated in Example 2, possibly with the aid of a 
computer. The graph consisting of only the points in the table is called a scatterplot. 


EXAMPLE 3 Musical notes are pressure waves in the air. The data associated with 
Figure 1.6 give recorded pressure displacement versus time in seconds of a musical note 
produced by a tuning fork. The table provides a representation of the pressure function 
over time. If we first make a scatterplot and then connect approximately the data points 
(t, p) from the table, we obtain the graph shown in the figure. 


Pp (pressure) 
A 


Time Pressure Time Pressure 
0.00091 —0.080 0.00362 0.217 7 oe 
0.00108 0.200 0.00379 0.480 0.4- 
0.00125 0.480 0.00398 0.681 0.2- anes 
0.00144 0.693 0.00416 0.810 —0.2+ 
0.00162 0.816 0.00435 0.827 ee 
0.00180 0.844 0.00453 0.749 
0.00198 0.71 0.00471 0.581 FIGURE 1.6 A smooth curve through the plotted points 
0.00216 0.603 0.00489 0.346 gives a graph of the pressure function represented by the 
0.00234 0.368 0.00507 0.077 accompanying tabled data (Example 3). 
0.00253 0.099 0.00525 —0.164 
0.00271 —0.141 0.00543 —0.320 
0.00289 —0.309 0.00562 —0.354 
0.00307 —0.348 0.00579 —0.248 
0.00325 —0.248 0.00598 —0.035 
0.00344 —0.041 


The Vertical Line Test for a Function 


Not every curve in the coordinate plane can be the graph of a function. A function f can 
have only one value f(x) for each x in its domain, so no vertical line can intersect the 
graph of a function more than once. If a is in the domain of the function f, then the vertical 
line x = a will intersect the graph of f at the single point (a, f(a)). 

A circle cannot be the graph of a function, since some vertical lines intersect the circle 
twice. The circle graphed in Figure 1.7a, however, does contain the graphs of functions of 
x, such as the upper semicircle defined by the function f(x) = V1 — x? and the lower 
semicircle defined by the function g(x) = —V1 — x* (Figures 1.7b and 1.7c). 


| 
=: =2: =, 40 i. 28 3 


FIGURE 1.8 The absolute value 
function has domain (—oo, oo) and 
range [ 0, 00). 


FIGURE 1.9 To graph the 
function y = f(x) shown here, 
we apply different formulas to 
different parts of its domain 
(Example 4). 
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FIGURE 1.10 The graph of the 
greatest integer function y = | x | 
lies on or below the line y = x, so 
it provides an integer floor for x 
(Example 5). 
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(a) x? +y?=1 (b) y= V1 - x? (©) y=-V1- x? 


FIGURE 1.7 (a) The circle is not the graph of a function; it fails the vertical line test. (b) The 
upper semicircle is the graph of a function f(x) = V1 — x’. (c) The lower semicircle is the graph 


of a function g(x) = —V1 — x’. 


Piecewise-Defined Functions 


Sometimes a function is described in pieces by using different formulas on different parts 
of its domain. One example is the absolute value function 


x, x20 
|x| = 


—x, x <0, 


First formula 


Second formula 
whose graph is given in Figure 1.8. The right-hand side of the equation means that the 


function equals x if x = 0, and equals —x if x < 0. Piecewise-defined functions often 
arise when real-world data are modeled. Here are some other examples. 


EXAMPLE 4 The function 
= %s x<0O First formula 
fa) = x Osxel Second formula 
i x>1 Third formula 


is defined on the entire real line but has values given by different formulas, depending on 
the position of x. The values of f are given by y = —x when x < 0, y = x? when 
0 =x <= 1, and y = 1 when x > 1. The function, however, is just one function whose 
domain is the entire set of real numbers (Figure 1.9). | 


EXAMPLE 5 The function whose value at any number x is the greatest integer less 
than or equal to x is called the greatest integer function or the integer floor function. It 
is denoted | x |. Figure 1.10 shows the graph. Observe that 


|24|=2, or] =D, [0] =0, |-1.2] = -2, 
(2:2, [0.2] = 0, |-0.3] =—-1, |-2| = -2. a 
EXAMPLE 6 The function whose value at any number x is the smallest integer 


greater than or equal to x is called the least integer function or the integer ceiling func- 
tion. It is denoted |x|. Figure 1.11 shows the graph. For positive values of x, this function 
might represent, for example, the cost of parking x hours in a parking lot that charges $1 
for each hour or part of an hour. | 
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FIGURE 1.11 The graph 

of the least integer function 

y = |x] lies on or above the line 
y = x, so it provides an integer 
ceiling for x (Example 6). 


(b) 


FIGURE 1.12 (a) The graph of y = x? 
(an even function) is symmetric about the 
y-axis. (b) The graph of y = x? (an odd 
function) is symmetric about the origin. 


Increasing and Decreasing Functions 


If the graph of a function climbs or rises as you move from left to right, we say that the 
function is increasing. If the graph descends or falls as you move from left to right, the 
function is decreasing. 


DEFINITIONS Let f be a function defined on an interval J and let x, and x, be 
any two points in J. 


1. If f(%>) > f() whenever x; < x», then f is said to be increasing on J. 
2. If f(a) < f(x,) whenever x, < x5, then f is said to be decreasing on /. 


It is important to realize that the definitions of increasing and decreasing functions 
must be satisfied for every pair of points x, and x, in J with x; < x. Because we use the 
inequality < to compare the function values, instead of <, it is sometimes said that f is 
strictly increasing or decreasing on /. The interval J may be finite (also called bounded) or 
infinite (unbounded) and by definition never consists of a single point (Appendix 1). 


EXAMPLE 7 The function graphed in Figure 1.9 is decreasing on (—0, 0 | and increas- 
ing on [0,1]. The function is neither increasing nor decreasing on the interval [ 1, 00) 
because of the strict inequalities used to compare the function values in the definitions. Ml 


Even Functions and Odd Functions: Symmetry 


The graphs of even and odd functions have characteristic symmetry properties. 


DEFINITIONS A function y = f(x) is an 


even function of x if f(—x) = f(x), 
odd function of x if f(—x) = —f(x), 


for every x in the function’s domain. 


The names even and odd come from powers of x. If y is an even power of x, as in 
y = x? or y = x4, it is an even function of x because (—x)* = x? and (—x)* = x*. If yis an 
odd power of x, as in y = x or y = x°, it is an odd function of x because (—x)! = —x and 
(—x)> = —x3. 

The graph of an even function is symmetric about the y-axis. Since f(—x) = f(x), a 
point (x, y) lies on the graph if and only if the point (—x, y) lies on the graph (Figure 1.12a). 
A reflection across the y-axis leaves the graph unchanged. 

The graph of an odd function is symmetric about the origin. Since f(—x) = —f(x), a 
point (x, y) lies on the graph if and only if the point (—x, —y) lies on the graph (Figure 1.12b). 
Equivalently, a graph is symmetric about the origin if a rotation of 180° about the origin leaves the 
graph unchanged. Notice that the definitions imply that both x and —x must be in the domain of f. 


EXAMPLE 8 Here are several functions illustrating the definition. 


f(x) = x? Even function: (—x)? = x? for all x; symmetry about y-axis. 


f(xy) = x7 +1 Even function: (—x)? + 1 = x? + 1 for all x; symmetry about 
y-axis (Figure |.13a). 


f@ =x Odd function: (—x) = —x for all x; symmetry about the origin. 
f@m=xt+1 Not odd: f(—x) = —x + 1, but —f(x) = —x — 1. The two are not 
equal. 


Not even: (—x) + 1 ~ x + | forall x # O (Figure 1.13b). | 
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(a) 


FIGURE 1.13 (a) When we add the constant term | to the function 

y = x’, the resulting function y = x? + 1 is still even and its graph is 
still symmetric about the y-axis. (b) When we add the constant term 1| to 
the function y = x, the resulting function y = x + 1 is no longer odd, 
since the symmetry about the origin is lost. The function y = x + 1 is 
also not even (Example 8). 


Common Functions 


A variety of important types of functions are frequently encountered in calculus. We iden- 
tify and briefly describe them here. 


Linear Functions A function of the form f(x) = mx + b, for constants m and J, is called 
a linear function. Figure 1.14a shows an array of lines f(x) = mx where b = 0, so these 
lines pass through the origin. The function f(x) = x where m = | and b = 0 is called the 
identity function. Constant functions result when the slope m= 0 (Figure 1.14b). 
A linear function with positive slope whose graph passes through the origin is called a 
proportionality relationship. 


FIGURE 1.14 (a) Lines through the origin with slope m. (b) A constant func- 
tion with slope m = 0. 


DEFINITION Two variables y and x are proportional (to one another) if one 
is always a constant multiple of the other; that is, if y = kx for some nonzero 
constant k. 


If the variable y is proportional to the reciprocal 1/x, then sometimes it is said that y is 
inversely proportional to x (because | /x is the multiplicative inverse of x). 


Power Functions A function f(x) = x“, where a is a constant, is called a power function. 
There are several important cases to consider. 


8 


Chapter 1: Functions 


(a) a = n, a positive integer. 


The graphs of f(x) = x”, for n = 1, 2, 3, 4, 5, are displayed in Figure 1.15. These func- 
tions are defined for all real values of x. Notice that as the power n gets larger, the curves 
tend to flatten toward the x-axis on the interval (—1, 1), and to rise more steeply for 
|x| > 1. Each curve passes through the point (1, 1) and through the origin. The graphs of 
functions with even powers are symmetric about the y-axis; those with odd powers are 
symmetric about the origin. The even-powered functions are decreasing on the interval 
(—00, 0} and increasing on [0, 00); the odd-powered functions are increasing over the 
entire real line (—©0, 00), 


FIGURE 1.15 Graphs of f(x) = x", n = 1, 2, 3, 4,5, defined for -oo < x < oo, 


(b) a=—-1 or a=~—2. 


The graphs of the functions f(x) = x! = 1/x and g(x) = x? = 1/x? are shown in 
Figure 1.16. Both functions are defined for all x # 0 (you can never divide by zero). The 
graph of y = 1/x is the hyperbola xy = 1, which approaches the coordinate axes far from 
the origin. The graph of y = 1/x? also approaches the coordinate axes. The graph of the 
function f is symmetric about the origin; f is decreasing on the intervals (—0°<, 0) and 
(0,00). The graph of the function g is symmetric about the y-axis; g is increasing on 
(—oo, 0) and decreasing on (0, &). 


Domain: x # 0 
Range: y#0 0 1 

Domain: x # 0 
Range: y>0O 


ee cei 


(a) (b) 


FIGURE 1.16 Graphs of the power functions f(x) = x“ for part (a) a = —1 
and for part (b) a = —2. 


The functions f(x) = x!/2 = Vx and g(x) = x3 = Wx are the square root and cube 
root functions, respectively. The domain of the square root function is [ 0,00), but the 
cube root function is defined for all real x. Their graphs are displayed in Figure 1.17, along 
with the graphs of y = x?/? and y = x?/3, (Recall that x3/2 = (x!/7)3 and x?/3 = (x"/3)?,) 


Polynomials A function p is a polynomial if 
P(x) = a,x" + a,x") + +++ + a;x + ay 


where 7 is a nonnegative integer and the numbers dp, a), d>,..., 4d, are real constants 
(called the coefficients of the polynomial). All polynomials have domain (—09, 00). If the 
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FIGURE 1.17 Graphs of the power functions f(x) = x“ for a = and 


WIN 


113 
3379 


leading coefficient a, # 0 andn > 0, then v7 is called the degree of the polynomial. Lin- 
ear functions with m # 0 are polynomials of degree 1. Polynomials of degree 2, usually 
written as p(x) = ax? + bx + c, are called quadratic functions. Likewise, cubic functions 
are polynomials p(x) = ax? + bx? + cx + d of degree 3. Figure 1.18 shows the graphs 
of three polynomials. Techniques to graph polynomials are studied in Chapter 4. 


oe y=(«-2)4@+ 1%@-1) 


> X 


> X% 


(a) (b) (c) 
FIGURE 1.18 Graphs of three polynomial functions. 


Rational Functions A rational function is a quotient or ratio f(x) = p(x)/q(x), where 
p and q are polynomials. The domain of a rational function is the set of all real x for which 
q(x) # 0. The graphs of several rational functions are shown in Figure 1.19. 


NOT TO SCALE 


(a) (b) (c) 


FIGURE 1.19 Graphs of three rational functions. The straight red lines approached by the graphs are called 
asymptotes and are not part of the graphs. We discuss asymptotes in Section 2.6. 
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Algebraic Functions Any function constructed from polynomials using algebraic oper- 
ations (addition, subtraction, multiplication, division, and taking roots) lies within the 
class of algebraic functions. All rational functions are algebraic, but also included are 
more complicated functions (such as those satisfying an equation like y> — 9xy + x3 = 0, 
studied in Section 3.7). Figure 1.20 displays the graphs of three algebraic functions. 


¥ yx! 4) 


y y=x(1 = xp/5 
— 36,2 _ 12/3 
yaa" -1) 
y 

2 

1 

1 " 

=1 ne a0) a: 

-1 
-2 
-3 


(a) (b) (c) 


FIGURE 1.20 Graphs of three algebraic functions. 


Trigonometric Functions The six basic trigonometric functions are reviewed in Section 1.3. 
The graphs of the sine and cosine functions are shown in Figure 1.21. 


(a) f(x) = sin x (b) f(x) = cos x 


FIGURE 1.21 Graphs of the sine and cosine functions. 


Exponential Functions Functions of the form f(x) = a‘, where the base a > 0 is a 
positive constant and a # 1, are called exponential functions. All exponential functions 
have domain (—0o, co) and range (0, 00), so an exponential function never assumes the 
value 0. We discuss exponential functions in Section 1.5. The graphs of some exponential 
functions are shown in Figure 1.22. 


FIGURE 1.22 Graphs of exponential functions. 


Logarithmic Functions 
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These are the functions f(x) = log,x, where the base a # | 


is a positive constant. They are the inverse functions of the exponential functions, and 
we discuss these functions in Section 1.6. Figure 1.23 shows the graphs of four loga- 
rithmic functions with various bases. In each case the domain is (0, 0%) and the range 


is (—OO, C0), 


>< 


FIGURE 1.23 Graphs of four logarithmic 


functions. 


FIGURE 1.24 Graph of a catenary or 
hanging cable. (The Latin word catena 


means “‘chain.”’) 


Transcendental Functions These are functions that are not algebraic. They include the 
trigonometric, inverse trigonometric, exponential, and logarithmic functions, and many 
other functions as well. A particular example of a transcendental function is a catenary. 
Its graph has the shape of a cable, like a telephone line or electric cable, strung from one 
support to another and hanging freely under its own weight (Figure 1.24). The function 
defining the graph is discussed in Section 7.3. 


Exercises 1.1) 


Functions 
In Exercises 1-6, find the domain and range of each function. 
L f@=14+x2 2. f@~ =1- Vx 
3. F(x) = V5x 4+ 10 4, g(x) = Vx? - 3x 
4 2, 
5. ff = 6. Git) = 
10 =3—5 Oe 


In Exercises 7 and 8, which of the graphs are graphs of functions of x, 
and which are not? Give reasons for your answers. 


7a sy by 
aA 


A» 


>X > X 


Finding Formulas for Functions 
9. Express the area and perimeter of an equilateral triangle as a 
function of the triangle’s side length x. 


10. Express the side length of a square as a function of the length d of 
the square’s diagonal. Then express the area as a function of the 
diagonal length. 


11. Express the edge length of a cube as a function of the cube’s 
diagonal length d. Then express the surface area and volume of 
the cube as a function of the diagonal length. 
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12. A point P in the first quadrant lies on the graph of the function 
f@% = Vx. Express the coordinates of P as functions of the 
slope of the line joining P to the origin. 

13. Consider the point (x,y) lying on the graph of the line 
2x + 4y = 5. Let L be the distance from the point (x, y) to the 
origin (0, 0). Write L as a function of x. 

14. Consider the point (x, y) lying on the graph of y = Vx — 3. Let 
Lbe the distance between the points (x, y) and (4, 0). Write L as a 
function of y. 


Functions and Graphs 
Find the natural domain and graph the functions in Exercises 15-20. 


15. f(x) =5 — 2x 16. f(x) = 1 - 2x -— x 


17. g(x) = V |x| 18. g(x) = V-x 
19. F(t) = t/|¢| 20. Git) = 1/I¢| 
21. Find the domain of y = Se 
4-—Vx-9 
22. Find th oe 
7 t = 20+ : 
ind the range of y 244 


23. Graph the following equations and explain why they are not 
graphs of functions of x. 
a. |y| =x 

24. Graph the following equations and explain why they are not 
graphs of functions of x. 


a. |x| + |y| = 1 b. |x + y| = 1 


Piecewise-Defined Functions 
Graph the functions in Exercises 25-28. 


x 0O=x=e=1 
25. = 4 
i“ a l<x<2 
Ls x: 0=%= 1 
26. = 
B(x) aes i<e=2 
4 — x, xsl 
27. F(x) = 
x2 + 2x, x>1 
1/x, x<0 
28. G(x) = 
@) { OX 
Find a formula for each function graphed in Exercises 29-32. 
29. a. y b. y 
nN 
11 
1 hy 2 -- 
td 
0 2 ‘| ssa 
30. ay b y 
A A 
2 me 
‘a >Xx 
2 5 


32. a y b. 


j=) 
NIN 
La] 


The Greatest and Least Integer Functions 
33. For what values of x is 


a. |x| = 0? b. [x] = 0? 
34, What real numbers x satisfy the equation |x| = [x]? 
35. Does [—x] = —| x] for all real x? Give reasons for your answer. 
36. Graph the function 


|x|, x20 
FO) = tei x= 0. 


Why is f(x) called the integer part of x? 


Increasing and Decreasing Functions 

Graph the functions in Exercises 37-46. What symmetries, if any, do 
the graphs have? Specify the intervals over which the function is 
increasing and the intervals where it is decreasing. 


1 


37. y= —x3 38. y=-G 
i 
1 1 
Dey SZ 40. y= Fy 
AL. y= Vx] 42. y= V-x 
43. y = x3/8 44. y = —4Vx 
45. y = —x3/? 46. y = Cx)? 


Even and Odd Functions 
In Exercises 47-58, say whether the function is even, odd, or neither. 
Give reasons for your answer. 


47. f(x) =3 48. f(x) =x? 

49. fs =xr4+1 50. fs) =xr4+x 

51. go =x tx 52. g(x) = xt 4+ 3x? - 1 
_ __ x 

53. g(x) = @=4 54. g(x) 224 

55. h(t) =; f ; 56. h(t) = |0°| 

57. h(t) = 2t + 1 58. h(t) = 2\t| + 1 


Theory and Examples 
59. The variable s is proportional to ¢, and s = 25 when t = 75. 
Determine tf when s = 60. 


60. Kinetic energy The kinetic energy K of a mass is proportional 
to the square of its velocity v. If K = 12,960 joules when 
v = 18 m/sec, what is K when v = 10 m/sec? 


61. The variables r and s are inversely proportional, and r = 6 when 
s = 4, Determine s when r = 10. 


62. Boyle’s Law _ Boyle’s Law says that the volume V of a gas at 
constant temperature increases whenever the pressure P decreases, 
so that V and P are inversely proportional. If P = 14.7 Ib/in? 
when V = 1000 in3, then what is V when P = 23.4 Ib/in?? 


63. A box with an open top is to be constructed from a rectangular 
piece of cardboard with dimensions 14 in. by 22 in. by cutting out 
equal squares of side x at each corner and then folding up the 
sides as in the figure. Express the volume V of the box as a func- 
tion of x. 


64. The accompanying figure shows a rectangle inscribed in an isos- 
celes right triangle whose hypotenuse is 2 units long. 


a. Express the y-coordinate of P in terms of x. (You might start 
by writing an equation for the line AB.) 


b. Express the area of the rectangle in terms of x. 


y 
nN 


In Exercises 65 and 66, match each equation with its graph. Do not 
use a graphing device, and give reasons for your answer. 


65. a. y = xt b. y =x cy = x/0 


66. 


67. 


68. 


69. 


70. 


71. 


72. 
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a. y = 5x 


bh y= c. 


a. Graph the functions f(x) = x/2 and g(x) = 1 + (4/x) to- 
gether to identify the values of x for which 
x 4 
7 >1t+ x: 
b. Confirm your findings in part (a) algebraically. 
a. Graph the functions f(x) = 3/(x — 1) and g(x) = 2/(« + 1) 
together to identify the values of x for which 
3 2 
x= 1 = pa ee 
b. Confirm your findings in part (a) algebraically. 


For a curve to be symmetric about the x-axis, the point (x, y) must 
lie on the curve if and only if the point (x, —y) lies on the curve. 
Explain why a curve that is symmetric about the x-axis is not the 
graph of a function, unless the function is y = 0. 


Three hundred books sell for $40 each, resulting in a revenue of 
(300)($40) = $12,000. For each $5 increase in the price, 25 
fewer books are sold. Write the revenue FR as a function of the 
number x of $5 increases. 


A pen in the shape of an isosceles right triangle with legs of 
length x ft and hypotenuse of length h ft is to be built. If fencing 
costs $5/ft for the legs and $10/ft for the hypotenuse, write the 
total cost C of construction as a function of h. 


Industrial costs A power plant sits next to a river where the 
river is 800 ft wide. To lay a new cable from the plant to a loca- 
tion in the city 2 mi downstream on the opposite side costs $180 
per foot across the river and $100 per foot along the land. 


2 mi >| 
City 


kK 
P x Q 


I 
| 
800 ft | 
I 
| 


Power plant 
NOT TO SCALE 


a. Suppose that the cable goes from the plant to a point Q on the 
opposite side that is x ft from the point P directly opposite the 
plant. Write a function C(x) that gives the cost of laying the 
cable in terms of the distance x. 


b. Generate a table of values to determine if the least expensive 
location for point Q is less than 2000 ft or greater than 2000 ft 
from point P. 
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Chapter 1: Functions 


1 2 Combining Functions; Shifting and Scaling Graphs 


In this section we look at the main ways functions are combined or transformed to form 
new functions. 


Sums, Differences, Products, and Quotients 


Like numbers, functions can be added, subtracted, multiplied, and divided (except where 
the denominator is zero) to produce new functions. If f and g are functions, then for every 
x that belongs to the domains of both f and g (that is, for x = D(f)M D(g)), we define 
functions f + g, f — g, and fg by the formulas 


(f + g(x) = fF) + g@) 
(f — g(x) = fF) — 8@) 
(fg) = f@gQ). 
Notice that the + sign on the left-hand side of the first equation represents the operation of 
addition of functions, whereas the + on the right-hand side of the equation means addition 
of the real numbers f(x) and g(x). 


At any point of D(f) M D(g) at which g(x) # 0, we can also define the function f/g 
by the formula 


(Foo = a (where g(x) # 0). 


Functions can also be multiplied by constants: If c is a real number, then the function 
cf is defined for all x in the domain of f by 


(cf)(x) = cf). 


EXAMPLE 1 The functions defined by the formulas 
fa) = Vx and g(x) = VI -x 


have domains D(f) = [0,00) and D(g) = (-co,1]. The points common to these 
domains are the points 


[ 0, 00) M (00, 1] = [0,1]. 


The following table summarizes the formulas and domains for the various algebraic com- 
binations of the two functions. We also write f + g for the product function fg. 


Function Formula Domain 
fre (f + g)@) = Vxt+ VI-x [0,1] = DN D(g) 
i 8 f -— 90) = Vx - VI-= x [0,1] 
2-7 (¢ — A) = VI-x- Vx [0,1] 
frg (f° g(x) = fg) = Vx — x) [0, 1] 
f/g Foy) a * = alg a . [ 0, 1)(x = 1 excluded) 
s/f 7) = a = a : x (0, 1] ( = 0 excluded) 


The graph of the function f + g is obtained from the graphs of f and g by adding the 
corresponding y-coordinates f(x) and g(x) at each point x e D(f) M D(g), as in Figure 1.25. 
The graphs of f + g and f+ g from Example | are shown in Figure 1.26. 
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BE 


>X 


FIGURE 1.25 Graphical addition of two 


functions. 


Composite Functions 


FIGURE 1.26 The domain of the function f + g 
is the intersection of the domains of f and g, the 


interval [0, 1] on the x-axis where these domains 
overlap. This interval is also the domain of the 
function f+ g (Example 1). 


Composition is another method for combining functions. 


lies in the domain of f. 


DEFINITION If f and g are functions, the composite function f° g (“f com- 
posed with g’’) is defined by 


(f° g(x) = f(g). 


The domain of f ° g consists of the numbers x in the domain of g for which g(x) 


The definition implies that f ° g can be formed when the range of g lies in the domain 
of f. To find (f ° g)(), first find g(x) and second find f(g(x)). Figure 1.27 pictures f ° g as 
a machine diagram, and Figure 1.28 shows the composite as an arrow diagram. 


o> 8 Of > (80) 
FIGURE 1.27 A composite function f ° g uses 
the output g(x) of the first function g as the input 


for the second function f. 


fog 


f(g(x)) 


8(x) 


FIGURE 1.28 Arrow diagram for f ° g. If x lies in the 
domain of g and g(x) lies in the domain of f, then the 
functions f and g can be composed to form (f ° g)(x). 


To evaluate the composite function g° f (when defined), we find f(x) first and then 
g(f(x)). The domain of go f is the set of numbers x in the domain of f such that f(x) lies 


in the domain of g. 


The functions f° g and go f are usually quite different. 
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FIGURE 1.29 To shift the graph 
of f(x) = x? up (or down), we add 
positive (or negative) constants 

to the formula for f (Examples 3a 
and b). 


EXAMPLE 2 If f(x) = Vx and g(x) = x + 1, find 
(a) (f° g)@) (b) (g° f)@) (c) (f° fy) (d) (g° g)(x). 


Solution 
Composite Domain 
(a) (f° gy) = f(g) = Va@) = Vx t+ 1 [—1, 0%) 
(b) (g° fx) = g(f@) = f@) +1= Vx+1 [ 0, 00) 
(ce) Fe f)\@) = f¢@) = VF@ = Vvx = x4 [ 0, 00) 
d) (g°g)x) = se@) =s@t+1=@+I)+1l=xt+2 (—00, 00) 
To see why the domain of f ° g is [—1, 0), notice that g(x) = x + 1 is defined for all real 
x but belongs to the domain of f only if x + 1 = 0, that is to say, when x = —1. Oo 


Notice that if f(x) = x? and g(x) = Vx, then (f © g)(x) = (Vx)* = x. However, the 
domain of f ° g is [ 0,00), not (—00, 00), since Vx requires x = 0. 


Shifting a Graph of a Function 


A common way to obtain a new function from an existing one is by adding a constant to 
each output of the existing function, or to its input variable. The graph of the new function 
is the graph of the original function shifted vertically or horizontally, as follows. 


Shift Formulas 

Vertical Shifts 

y=f@wmtk Shifts the graph of f up k units if k > 0 
Shifts it down |k| units ifk < 0 

Horizontal Shifts 

y= f(x +h) Shifts the graph of f left h units if h > 0 
Shifts it right |h| units if h < 0 

EXAMPLE 3 


(a) Adding 1 to the right-hand side of the formula y = x? to get y = x* + 1 shifts the 
graph up | unit (Figure 1.29). 

(b) Adding —2 to the right-hand side of the formula y = x’ to get y = x? — 2 shifts the 
graph down 2 units (Figure 1.29). 

(c) Adding 3 toxin y = x* to get y = (x + 3) shifts the graph 3 units to the left, while 
adding —2 shifts the graph 2 units to the right (Figure 1.30). 

(d) Adding —2 toxin y = |x , and then adding —1 to the result, gives y = |x — 2| = 
and shifts the graph 2 units to the right and | unit down (Figure 1.31). H 


Scaling and Reflecting a Graph of a Function 


To scale the graph of a function y = f(x) is to stretch or compress it, vertically or hori- 
zontally. This is accomplished by multiplying the function f, or the independent variable 
x, by an appropriate constant c. Reflections across the coordinate axes are special cases 
where c = —1. 


PFN WwW Rw 


=1. 0 1 2 3 4 


FIGURE 1.32 Vertically stretching 


and compressing the graph y = Vx bya 


factor of 3 (Example 4a). 
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Add a positive 
constant to x. 


Add a negative 
constant to x. 


FIGURE 1.30 To shift the graph of y = x? to 


FIGURE 1.31 The graph of y = |x| 
the left, we add a positive constant to x (Example 


shifted 2 units to the right and 1 unit 
3c). To shift the graph to the right, we add a nega- 


down (Example 3d). 

tive constant to x. 
Vertical and Horizontal Scaling and Reflecting Formulas 
For c > 1, the graph is scaled: 
y = cf(x) Stretches the graph of f vertically by a factor of c. 
y= f(x) Compresses the graph of f vertically by a factor of c. 
y = f(cx) Compresses the graph of f horizontally by a factor of c. 
y = f(x/c) Stretches the graph of f horizontally by a factor of c. 
For c = —1, the graph is reflected: 
y =—-f@ Reflects the graph of f across the x-axis. 
y = f(-x) Reflects the graph of f across the y-axis. 

EXAMPLE 4 Here we scale and reflect the graph of y = Vx. 


(a) Vertical: Multiplying the right-hand side of y = Vx by 3 to get y = 3 Vx stretches 
the graph vertically by a factor of 3, whereas multiplying by 1/3 compresses the 
graph by a factor of 3 (Figure 1.32). 

(b) Horizontal: The graph of y = \/3x is a horizontal compression of the graph of 
y= Vx by a factor of 3, and y = Vx/3 is a horizontal stretching by a factor of 3 
(Figure 1.33). Note that y = V3x = V3V*x so a horizontal compression may cor- 
respond to a vertical stretching by a different scaling factor. Likewise, a horizontal 
stretching may correspond to a vertical compression by a different scaling factor. 

(c) Reflection: The graph of y = —V*x is a reflection of y = Vx across the x-axis, and 
y= \V—x is a reflection across the y-axis (Figure 1.34). a 


y=V—x x 


compress 


stretch 


FIGURE 1.33 Horizontally stretching and 
compressing the graph y = V*x by a factor of 
3 (Example 4b). 


FIGURE 1.34 Reflections of the graph 
y = V*x across the coordinate axes 
(Example 4c). 
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EXAMPLE 5 Given the function f(x) = x* — 4x3 + 10 (Figure 1.35a), find formulas to 


(a) compress the graph horizontally by a factor of 2 followed by a reflection across the 
y-axis (Figure 1.35b). 


(b) compress the graph vertically by a factor of 2 followed by a reflection across the 
x-axis (Figure 1.35c). 


y y = 16x4 + 32x3+10 y 
f(x) = x* — 4x7 + 10 


y= x4 42x39 -5 


(a) (b) 


FIGURE 1.35 (a) The original graph of f. (b) The horizontal compression of y = f(x) in part (a) by a factor of 2, followed by 


a reflection across the y-axis. (c) The vertical compression of y = f(x) in part (a) by a factor of 2, followed by a reflection across 
the x-axis (Example 5). 


Solution 

(a) We multiply x by 2 to get the horizontal compression, and by —1 to give reflection 
across the y-axis. The formula is obtained by substituting —2x for x in the right-hand 
side of the equation for f: 


y = f(—2x) = (—2x)* — 42x)? + 10 
= 16x* + 32x37 + 10. 


(b) The formula is 


y = $f) = — pat + 2x - 5. = 
Exercises ie 
Algebraic Combinations e. f(f(-S)) f. 9(g(2)) 
In Exercises 1 and 2, find the domains and ranges of f, g, f + g, and g. f(fQ)) h. g9(g(x)) 
frg. 6. If f(x) = x — 1 and g(x) = 1/(x + 1), find the following. 
Ae Ss EE NESS a. f(g(1/2)) b. e(f(1/2) 
ae Ne he ea ed ec. f(g) d. g(f(o) 
In Exercises 3 and 4, find the domains and ranges of f, g, f/g, and e. f(f(2)) f. 2(g(2)) 
s/f. g. f(s) h. g(g@)) 


3. fo =2, gx) =x? +1 
4.f@~=1, eo =1+ Ve 


In Exercises 7-10, write a formula for f ° g°h. 
7 fm=xt1, ga) =3x, ha=4-x 


Composites of Functions 8 fix) =3x+4, ex) =2x-1, he =X 


5. If f(x) = x + 5 and g(x) = x? — 3, find the following. 


ey area = =a 
a. f(g(0) b. g(fO)) PARE MEE ET eae Ey 
ed 
c Fg) d. a(f) WiO= 7 ag MOS Vis 
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Let f@) =x- 3, gw = Vx, h(x) = x3, and j(x) = 2x. Express 
each of the functions in Exercises 11 and 12 as a composite involving 
one or more of f, g, A, andj. 


19. Let f(x) = ae Find a function y = g(x) so that 


(f° g(x) = x. 


= _ 20. Let f(x) = 2x3 — 4. Find a function y = g(x) so that 
ll. a. y = Vx -3 b. y = 2Vx (fog) =x +2. 
ce y = xl/4 d. y = 4x 
Shifting Graphs 
- \/y, _— 333 = _~ 63 
fey aa ae 9) 21. The accompanying figure shows the graph of y = —x? shifted to 
12. a. y = 2x — 3 b. y= x two new positions. Write equations for the new graphs. 
cc y=x d. y=x-6 
y 
e. y=2Vx-3 f. y= Vx -3 » 
13. Copy and complete the following table. 
g(x) FQ) (f° g)@) 
a. x= 7 Vx 2 
b. x +2 3x ? 
«2 Ve 5 Ve 5 Fesiiom (bh) 
x Xx 
9 
a x- 1 x-1 : 
1 22. The accompanying figure shows the graph of y = x? shifted to 
e. 2? I+; x two new positions. Write equations for the new graphs. 
1 
f. ? x A 


Position (a) 


14. Copy and complete the following table. 


gx) FQ) (f° g)@) 
1 
9 
aj |x| 
b. 2 xl x gh 
~ x xe 1 . 
a) Vx |x| Position (b) 
d. Vx ? |x| 
15. Evaluate each expression using the given table of values: 
x 2 =i 0 1 2 
23. Match the equations listed in parts (a)—(d) to the graphs in the 
F(x) ! 0 ~2 1 2 accompanying figure. 
g(x) 2 1 0 -1 0 a y=(«-1~r-4 b y=(x — 2° +2 
c y=@a~t+2r4+2 d. y=(x + 3? —2 
a. f(g 1) b. g(f(0)) e FFD) 
d. g(g(2)) e. g(f(-2)) f. f(g(1)) 74 
16. Evaluate each expression using the functions 
—x —2<x<0 Position 2 Position | 
=2- = : — 

F(x) x, g(x) . 4. Geaee 
a. f(g(0)) b. g(f3)) c. g(g(—)) 
d. f(f(2)) e. g(f(0)) f. f(g(1/2)) 


(—2, 2) 


In Exercises 17 and 18, (a) write formulas for f ° g and g° f and find 


the (b) domain and (c) range of each. 
17. fa) = Ve +1, ga =2 
18. f(x) = x2, g(x) = 1 -— Vx 


Position 3 


dl, —4) 
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24, The accompanying figure shows the graph of y = —x? shifted to 55. The accompanying figure shows the graph of a function f(x) with 
four new positions. Write an equation for each new graph. domain [ 0, 2] and range [ 0, 1 ]. Find the domains and ranges of 
the following functions, and sketch their graphs. 
y 
* a4) y 


>X 
a. f(x) +2 b. f(@) -—1 
c. 2f(x) d. —f(x) 
e. f(x + 2) f. f(x — 1) 
g. f(-x) h —-fx+1)+1 


56. The accompanying figure shows the graph of a function g(t) with 
domain [—4,0] and range [—3,0]. Find the domains and 

Exercises 25-34 tell how many units and in what directions the graphs ranges of the following functions, and sketch their graphs. 

of the given equations are to be shifted. Give an equation for the 

shifted graph. Then sketch the original and shifted graphs together, 

labeling each graph with its equation. 


25. x7 + y= 49 Down 3, left 2 >t 
26. x7 + y? = 25 Up 3, left 4 
27. y=x° Left 1, down 1 
28. y = x73 Right 1, down 1 
29. y= Vx Left 0.81 
30. y=—Vx_ Right 3 a. g(-1) b. —g(f) 
31. y= 2x-—7 Up7 ce. g(t) + 3 d. 1 — g(t) 
=tt 2 f. g@¢@= 2 
32. y= Sex +1)+5 DownS, right 1 & aC ) at ) 
g. gil-d h. —g(t — 4) 
33. y= 1/x Up 1, right 1 Vertical and Horizontal Scaling 
34. y= 1/x? Left 2, down 1 Exercises 57—66 tell by what factor and direction the graphs of the 
given functions are to be stretched or compressed. Give an equation 
Graph the functions in Exercises 35-54. for the stretched or compressed graph. 
35. y= Vx+4 36. y= VIO— x 57. y = x’ — 1, stretched vertically by a factor of 3 
37. y= |x-2| 38. y= |1-x| -1 58. y = x* — 1, compressed horizontally by a factor of 2 
39. y=1+Vx-1 40. y=1-— Vx 1 
59. y = 1 + —, compressed vertically by a factor of 2 
4. y= (+ 1) 42. y=(@— 8)" x 
— {428 = 2/3 
3. y= 1 = 27 44, y+ 4 = x7/ 60. y= 1+ a stretched horizontally by a factor of 3 
45. y= Wx-1-1 46. y= (e+ 29? +1 - 
1 I 61. y = Vx + 1, compressed horizontally by a factor of 4 
Lr le x= 2 B= 2 62. y = Vx + 1, stretched vertically by a factor of 3 
1 1 63. y = V4 — x’, stretched horizontally by a factor of 2 
49. y+ 2 50. y = 
x+2 64. y = V4 — x*, compressed vertically by a factor of 3 
51. y= 1 52, y= A. 1 65. y = 1 — x*, compressed horizontally by a factor of 3 
- ) = 2 wed 2 
ame ” 66. y = 1 — x°, stretched horizontally by a factor of 2 
1 1 
53, y= 3t+1 54. y= 
a yO + 1 


Graphing 

In Exercises 67—74, graph each function, not by plotting points, but by 
starting with the graph of one of the standard functions presented in 
Figures 1.14—1.17 and applying an appropriate transformation. 
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1.3 Trigonometric Functions 


Combining Functions 

77. Assume that f is an even function, g is an odd function, and both 
f and g are defined on the entire real line (—°°, 00), Which of the 
following (where defined) are even? odd? 


67. y=—-V2x +1 68. y= f1 — 5 o ve nee c. a/f 

se ily df e.g = gg fr 5°2 
69. y=(x— 174+ 2 70. y=(1-—x4+2 g. gof h. fof i. gog 

: ieee 
1. y= il 1 72, y= o 4 78. Can a function be both even and odd? Give reasons for your 
2x x answer. 

73. y=- Sx 74, y = (2x) [T]79. (Continuation of Example 1.) Graph the functions f(x) = Vx 
75. Graph the function y = |x? _ 1]. and g(x) = V1 — x together with their (a) sum, (b) product, 


76. 


(c) two differences, (d) two quotients. 
. Let f(x) = x — 7 and g(x) = x. Graph f and g together with 
fegand gof. 


Graph the function y = V |x|. 
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FIGURE 1.36 The radian measure 
of the central angle A'CB’ is the num- 
ber 6 = s/r. For a unit circle of radius 
r = 1, @ is the length of arc AB that 


This section reviews radian measure and the basic trigonometric functions. 


Angles 


Angles are measured in degrees or radians. The number of radians in the central angle 
A'CB’ within a circle of radius r is defined as the number of “radius units” contained in 
the arc s subtended by that central angle. If we denote this central angle by 6 when mea- 
sured in radians, this means that 6 = s/r (Figure 1.36), or 


s=r0 (9 in radians). 


(1) 


Cite le of a5” 


If the circle is a unit circle having radius r = 1, then from Figure 1.36 and Equation (1), 
we see that the central angle 6 measured in radians is just the length of the arc that the 
angle cuts from the unit circle. Since one complete revolution of the unit circle is 360° or 
2a radians, we have 


central angle ACB cuts from the unit 


circle. 


q radians = 180° 


(2) 


and 


1 radian = Be (~ 57.3) degrees or 1 degree = a50 (0.017) radians. 
Table 1.1 shows the equivalence between degree and radian measures for some basic 


angles. 


TABLE 1.1 Angles measured in degrees and radians 


Degrees — 180 —135 —90 -45 0 30 45 60 90 120 135 150 180 270 360 
3 —37 —7 —7 1 7 ry 1 2a 377 5a 377 
0 (radians) -—7 4 2 4 0 6 4 3 2 3 4 6 7 5 20 
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An angle in the xy-plane is said to be in standard position if its vertex lies at the ori- 
gin and its initial ray lies along the positive x-axis (Figure 1.37). Angles measured counter- 
clockwise from the positive x-axis are assigned positive measures; angles measured clock- 
wise are assigned negative measures. 


¥ y 
‘A 


Terminal ray 


Initial ray 


(By >Xx 
Positive Initial ray ; Negative 
measure J Terminal measure 

ray 


FIGURE 1.37 Angles in standard position in the xy-plane. 


Angles describing counterclockwise rotations can go arbitrarily far beyond 27 radi- 
ans or 360°. Similarly, angles describing clockwise rotations can have negative measures 
of all sizes (Figure 1.38). 


y y y y 
A 
30 _Sa 
nN 
x \ >X > X >X 
430 
Oar 
4 
hypotenuse FIGURE 1.38 Nonzero radian measures can be positive or negative and can go beyond 27. 
opposite 
Angle Convention: Use Radians From now on, in this book it is assumed that all angles 
Pi Oo are measured in radians unless degrees or some other unit is stated explicitly. When we talk 
adjacent about the angle 7/3, we mean 77/3 radians (which is 60°), not 77/3 degrees. We use radians 
on = OPP y — hyp because it simplifies many of the operations in calculus, and some results we will obtain 
ee hyp” opp involving the trigonometric functions are not true when angles are measured in degrees. 
cos 0 = a sec 9 = - 
i adj The Six Basic Trigonometric Functions 
tan 6 = — cot 6 = 
adj OPP You are probably familiar with defining the trigonometric functions of an acute angle in 
FIGURE 1.39 Trigonometric terms of the sides of a right triangle (Figure 1.39). We extend this definition to obtuse and 
ratios of an acute angle. negative angles by first placing the angle in standard position in a circle of radius r. We 


then define the trigonometric functions in terms of the coordinates of the point P(x, y) 
where the angle’s terminal ray intersects the circle (Figure 1.40). 


, ‘ y r 
sine: sin@ = 7 cosecant: csc @ = y 

° Xx r 
cosine: cos @ = 7 secant: sec@ = x 
: _» ’ _%x 
tangent: tandé => cotangent: cot@ = y 


These extended definitions agree with the right-triangle definitions when the angle is acute. 
Notice also that whenever the quotients are defined, 


tan@ = one cot @ = : 
FIGURE 1.40 The trigonometric cos 8 tan 0 
functi f l angle 6 
unctions of a general angle 0 are a 1 er 1 


defined in terms of x, y, and r. cos 0 sin 0 
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As you can see, tan @ and sec @ are not defined if x = cos 6 = 0. This means they are not 


defined if 0 is +a /2, £32/2,.... Similarly, cot 6 and csc @ are not defined for values 
of @ for which y = 0, namely 6 = 0, ta, +27,.... 
\/2 ; 2 V3 The exact values of these trigonometric ratios for some angles can be read from the 


triangles in Figure 1.41. For instance, 


oS dite! sn5 => 
4 Va 672 39 
FIGURE 1.41 Radian angles and side a_i T V3 awd 
cos > = —= cos > = —— cos 7 = 
lengths of two common triangles. a Ae 6 2 3 2 
Os a a 
tan 7 1 tan ca tan 3 3 


The CAST rule (Figure 1.42) is useful for remembering when the basic trigonometric func- 
tions are positive or negative. For instance, from the triangle in Figure 1.43, we see that 


k sin 2 — V3 ne ime Soe 3 
3 2° 3 2’ 3 , 
S A 
sin pos all pos 
>Xx 
T Cc 
tan pos COS pos 


FIGURE 1.42 The CAST rule, 
remembered by the statement 
“Calculus Activates Student Thinking,” 
tells which trigonometric functions 


>X 


are positive in each quadrant. 


FIGURE 1.43 The triangle for 
calculating the sine and cosine of 27/3 
radians. The side lengths come from the 
geometry of right triangles. 


Using a similar method we determined the values of sin 0, cos 6, and tan 9 shown in Table 1.2. 


TABLE 1.2 Values of sin 6, cos 0, and tan @ for selected values of 6 


Degrees —-180 -135 -90 -45 0 30 45 60 90 120 135 150 180 270 360 
. —37 Li -—7 7 7 7 aw 20 377 5a 3a 
0 (radians) —7 4 ,) 4 0 6 4 3 ) 3 4 6 7s Qa 
' -V2 -V2 i 2 V3 «OV. 1 
sin 0 0 5) 1 2 0 5 ae a 1 5) 5 7 0 —1 0 
-V2 v2 V3 V2 «41 1 -V2 -Vv3 
ae tf —>s. » » £3 3 o« 8 s “a 2 ot 
tan 0 0 1 =e Na 1 V3 =i =i avs 0 0 
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Periods of Trigonometric Functions 


Period 7: 


tan(x + a) = tanx 
cot(x + 7a) = cotx 


Period 27: = sin(x + 27r) = sinx 


P(cos 6, sin 0) 


| 


cos(x + 277) = cosx 
sec(x + 277) = sec x 
csc(x + 27) = csc x 


Even 


cos(—x) = cos x 


sec (—x) = sec x 


Odd 

sin(—x) = —sin x 
tan(—x) = —tan x 
csc(—x) = —csc x 
cot(—x) = —cot x 


|sin 0| ie 


wrtyr=] 


~X 
ST | 


FIGURE 1.45 The reference 
triangle for a general angle 0. 


Periodicity and Graphs of the Trigonometric Functions 


When an angle of measure 0 and an angle of measure 0 + 27 are in standard position, 
their terminal rays coincide. The two angles therefore have the same trigonometric func- 
tion values: sin(@ + 277) = siné, tan(@ + 277) = tan@, and so on. Similarly, 
cos(@ — 277) = cos 8, sin(@ — 27) = sin 9, and so on. We describe this repeating behav- 
ior by saying that the six basic trigonometric functions are periodic. 


DEFINITION A function f(x) is periodic if there is a positive number p such that 
f(x + p) = f(x) for every value of x. The smallest such value of p is the period of f. 


When we graph trigonometric functions in the coordinate plane, we usually denote the 
independent variable by x instead of 6. Figure 1.44 shows that the tangent and cotangent 
functions have period p = 77, and the other four functions have period 277. Also, the sym- 
metries in these graphs reveal that the cosine and secant functions are even and the other 
four functions are odd (although this does not prove those results). 


y 


y = tanx 
>X 
3 T 0 7 3 
Domain: —% < x < % Domain: —% <x <% Domain: x #25, + oe 
Range: -1Sy=1 Ranges —l=y=1 
1 : ; a Range: -—~<y<% 
Period: 27 Period: 27 Period: ar " 
(a) (6) , i 
y y y 
y = secx y =csex y = cot x 


£ 


Domain: x # 0, a7, +27,... 
Ranges -—2e<y<o 
Period: 7 


(d) (e) () 


(*) 
Domain: x # 0, +7, +27,... 


Range: y=—lory=1 


Range: y=-lory21 Period: ar 


FIGURE 1.44 Graphs of the six basic trigonometric functions using radian measure. The shading 
for each trigonometric function indicates its periodicity. 


Trigonometric Identities 


The coordinates of any point P(x, y) in the plane can be expressed in terms of the point’s 
distance r from the origin and the angle @ that ray OP makes with the positive x-axis (Fig- 


ure 1.40). Since x/r = cos 0 and y/r = sin 0, we have 
x = rcos 6, y = rsin 0. 


When r = | we can apply the Pythagorean theorem to the reference right triangle in 
Figure 1.45 and obtain the equation 


cos? 6 + sin? 6 = 1. (3) 
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This equation, true for all values of 0, is the most frequently used identity in trigonometry. 
Dividing this identity in turn by cos? 6 and sin? 6 gives 


1 + tan? @ = sec? 0 
1 + cot? 6 = csc? 6 


The following formulas hold for all angles A and B (Exercise 58). 


Addition Formulas 


cos(A + B) = cos Acos B — sin Asin B 


4 
sin(A + B) = sinAcos B + cosAsinB 4) 


There are similar formulas for cos(A — B) and sin(A — B) (Exercises 35 and 36). 
All the trigonometric identities needed in this book derive from Equations (3) and (4). For 
example, substituting @ for both A and B in the addition formulas gives 


Double-Angle Formulas 


cos 20 = cos? @ — sin* 6 


sin 20 = 2sin 6 cos 8 


(5) 


Additional formulas come from combining the equations 
cos*6 + sin?@=1, — cos*@ — sin? 6 = cos 20. 


We add the two equations to get 2cos? @ = 1 + cos 26 and subtract the second from the 
first to get 2sin?@ = 1 — cos 20. This results in the following identities, which are useful 
in integral calculus. 


Half-Angle Formulas 
oe 1 + cos 20 (6) 
2 
ey ee | ees ees 20 (7) 


The Law of Cosines 


If a, b, and c are sides of a triangle ABC and if @ is the angle opposite c, then 


C=a 4+ b? — 2abcos 0. (8) 


This equation is called the law of cosines. 
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y 


A 


B(acos 6, a sin 0) 


GC b  A(b, 0) 


FIGURE 1.46 The square of the distance 
between A and B gives the law of cosines. 


cos 0 


FIGURE 1.47 From the 
geometry of this figure, drawn 
for 0 > 0, we get the inequality 
sin? @ + (1 — cos 6) = 6. 


We can see why the law holds if we introduce coordinate axes with the origin at C and 
the positive x-axis along one side of the triangle, as in Figure 1.46. The coordinates of A 
are (b, 0); the coordinates of B are (acos 6, asin @). The square of the distance between A 
and B is therefore 
c? = (acos 9 — b) + (asin 0) 
a@ (cos* 6 + sin? 0) + b* — 2ab cos 6 
as fone 


1 
= qa? + b* — 2abcos 0. 


The law of cosines generalizes the Pythagorean theorem. If 6 = 7/2, then cos 6 = 0 
and c? = a? + Bb’. 


Two Special Inequalities 


For any angle 0 measured in radians, the sine and cosine functions satisfy 


—|6| <sin@< |6| and = —|6| <1 —cosé < |6}. 


To establish these inequalities, we picture 0 as a nonzero angle in standard position 
(Figure 1.47). The circle in the figure is a unit circle, so |0| equals the length of the circular 
arc AP. The length of line segment AP is therefore less than |6| ‘ 

Triangle AP@Q is a right triangle with sides of length 


QP = |sin 6|, AQ = 1-cos@. 
From the Pythagorean theorem and the fact that AP < |0 , we get 
sin? 6 + (1 — cos 0)? = (APY S @?. (9) 


The terms on the left-hand side of Equation (9) are both positive, so each is smaller than 
their sum and hence is less than or equal to 67: 


sin?@ =< 67 and (1 — cos 6)? S 67. 
By taking square roots, this is equivalent to saying that 


|sin 6 = |0| and |1 = cos 6| = |0 


Ne) 
—|6| =ssnds |0| and —|6| =1-cosés |6|. 


These inequalities will be useful in the next chapter. 


Transformations of Trigonometric Graphs 


The rules for shifting, stretching, compressing, and reflecting the graph of a function sum- 
marized in the following diagram apply to the trigonometric functions we have discussed 
in this section. 


Vertical stretch or compression; Vertical shift 
reflection about y = d if ee fe 


y=af(ba+c))t+d 


Horizontal stretch or compression; vA on shift 


reflection about x = —c if negative 
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The transformation rules applied to the sine function give the general sine function 


or sinusoid formula 


where |A| is the amplitude, 


fe) = Asin2Z@-c)) +d 


B | is the period, C is the horizontal shift, and D is the vertical 


shift. A graphical interpretation of the various terms is given below. 


y=Asin@Zq— 0) +D 


D+APr 
Horizontal . 
shift (C) eid This axis is the 
>“ line y = D. 
Vertical 
i ok shift (D) 
I<——This distance is 
the period (B). 
Vv > X 
0 
Exercises 
Radians and Degrees 0 32/2 —a/3 —77/6 aw/4 57/6 
1. Ona circle of radius 10 m, how long is an arc that subtends a cen- 
tral angle of (a) 47/5 radians? (b) 110°? sin 0 
2. A central angle in a circle of radius 8 is subtended by an arc of cos 0 
length 1077. Find the angle’s radian and degree measures. tan 0 
3. You want to make an 80° angle by marking an arc on the perime- — ‘ 
ter of a 12-in.-diameter disk and drawing lines from the ends of a 3 
csc 


the arc to the disk’s center. To the nearest tenth of an inch, how 
long should the arc be? 


4. If you roll a 1-m-diameter wheel forward 30 cm over level 
ground, through what angle will the wheel turn? Answer in radi- 
ans (to the nearest tenth) and degrees (to the nearest degree). 


Evaluating Trigonometric Functions 
5. Copy and complete the following table of function values. If the 
function is undefined at a given angle, enter “UND.” Do not use a 
calculator or tables. 


0 —7 — 2/3 0 a /2 32/4 


sin 6 
cos 0 
tan 0 
cot 6 
sec 0 
csc 8 


6. Copy and complete the following table of function values. If the 
function is undefined at a given angle, enter “UND.” Do not use a 
calculator or tables. 


In Exercises 7-12, one of sin x, cos x, and tan x is given. Find the 
other two if x lies in the specified interval. 


oo 8 7 = cL 
7. sinx = 5 re|Z.a| 8. tanx = 2, re|0.3| 
at _w 3 T 
9. cosx = 3° re| *.0| 10. cos x 3° re| Za] 
_ 1 30 ie 5, 5 30 
11. tanx = . xe| 0.32 12. sinx = oy re|m, os 


Graphing Trigonometric Functions 
Graph the functions in Exercises 13-22. What is the period of each 
function? 


13. sin 2x 14. sin(x/2) 
15. cos 7x 16. cos e 
17. —sin a 18. —cos 27x 


T . 7 
19. cos (: a z) 20. sin (: + 7) 
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22, cos(x + 22) —2 


; 7 
21. sin( - 7) +i 3 


Graph the functions in Exercises 23-26 in the ts-plane (t-axis horizon- 
tal, s-axis vertical). What is the period of each function? What sym- 
metries do the graphs have? 


23. s = cot 2t 


sec is 
2 


24. s = —tan mt 


26. s = csc (5) 


253. 


ll 


[T]27. a. Graph y = cosx and y = secx together for —37/2 = x 


<= 37/2. Comment on the behavior of sec x in relation to the 
signs and values of cos x. 


b. Graph y = sin x and y = csc x together for-—a7 = x = 27. 
Comment on the behavior of csc x in relation to the signs and 
values of sin x. 


28. Graph y = tan x and y = cotx together for —7 = x = 7. Com- 


ment on the behavior of cot x in relation to the signs and values of 
tan x. 


29. Graph y = sin x and y = | sin x| together. What are the domain 
and range of | sin x |? 


30. Graph y = sin x and y = [sinx] together. What are the domain 
and range of | sin x]? 


Using the Addition Formulas 
Use the addition formulas to derive the identities in Exercises 31-36. 


31. cos (: = z) = sinx 32. cos (: + 2) = —sin x 


2 
33. sin (: + =) = cosx 34. sin (: = t) = —cos x 


35. cos(A — B) = cosAcos B + sin Asin B (Exercise 57 provides a 
different derivation.) 


36. sin(A — B) = sinAcos B — cos Asin B 


37. What happens if you take B = A in the trigonometric identity 
cos(A — B) = cos Acos B + sinAsin B? Does the result agree 
with something you already know? 


38. What happens if you take B = 27 in the addition formulas? Do 
the results agree with something you already know? 

In Exercises 39-42, express the given quantity in terms of sin x and cos x. 

39. cos(a7 + x) 40. sin(27 — x) 


_ (3a 37, . 
41. sin (%2 _ x) 42. cos (# + :) 


. 17 _{w . 7 
43. Evaluate sin 72 as sin (7 + z) 


lla T , 20 
44. Evaluate cos 12 3 cos(% tS ) 


7 . 37 
45. Evaluate cos 1: 46. Evaluate sin 12° 


Using the Half-Angle Formulas 
Find the function values in Exercises 47—50. 


77 2 97 

47. cos 8 48. cos 12 
. 9 7 . 9 37 

49, sin* — 50. sin* = 


12 8 


Solving Trigonometric Equations 
For Exercises 51-54, solve for the angle 6, where 0 = 0 S 27. 


51. sin’ 6 = : 52. sin? 6 = cos* 0 


53. sin 20 — cos6é = 0 54. cos 20 + cos @ = 0 


Theory and Examples 
55. The tangent sum formula The standard formula for the tan- 
gent of the sum of two angles is 


: _ tanA + tanB 
eae 2B) 1 — tan Atan B’ 


Derive the formula. 
56. (Continuation of Exercise 55.) Derive a formula for tan(A — B). 


57. Apply the law of cosines to the triangle in the accompanying fig- 
ure to derive the formula for cos(A — B). 


58. a. Apply the formula for cos(A — B) to the identity sin? = 


cos (G = 0) to obtain the addition formula for sin(A + B). 


b. Derive the formula for cos(A + B) by substituting —B for B 
in the formula for cos(A — B) from Exercise 35. 
59. A triangle has sides a = 2 and b = 3 and angle C = 60°. Find 
the length of side c. 
60. A triangle has sides a = 2 and b = 3 and angle C = 40°. Find 
the length of side c. 


61. The law of sines_ The law of sines says that if a, b, and c are the 
sides opposite the angles A, B, and C in a triangle, then 


snA  sinB_ sinC 


a b a 


Use the accompanying figures and the identity sin(a7 — 0) = 
sin 0, if required, to derive the law. 


A 


62. A triangle has sides a = 2 and b = 3 and angle C = 60° (as in 
Exercise 59). Find the sine of angle B using the law of sines. 


63. A triangle has side c = 2 and angles A = 7/4 and B = 7/3. 
Find the length a of the side opposite A. 


64. The approximation sin x ~ x _ It is often useful to know that, 


when x is measured in radians, sin.x ~ x for numerically small val- 
ues of x. In Section 3.11, we will see why the approximation holds. 
The approximation error is less than | in 5000 if |x| < 0.1. 


a. With your grapher in radian mode, graph y = sin x and 
y = x together in a viewing window about the origin. What 
do you see happening as x nears the origin? 


b. With your grapher in degree mode, graph y = sin x and 


y = x together about the origin again. How is the picture dif- 
ferent from the one obtained with radian mode? 


General Sine Curves 
For 


f(x) = Asin( #2 (x 0) + D, 


identify A, B, C, and D for the sine functions in Exercises 65-68 and 
sketch their graphs. 


65. y = 2sin@ + 7) — 1 66. y= sin (ax T) 4 : 
67. y Zsin(Z2) fae 68. y = 34 sin , L>Oo 


COMPUTER EXPLORATIONS 
In Exercises 69-72, you will explore graphically the general sine 
function 


F(x) = Asin( 22 (x 0) + D 


as you change the values of the constants A, B, C, and D. Use a CAS 
or computer grapher to perform the steps in the exercises. 
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69. The period B_ Set the constants A = 3,C = D = 0. 


a. Plot f(x) for the values B = 1, 3, 277, 57 over the interval 
—4a7 = x = 47. Describe what happens to the graph of the 
general sine function as the period increases. 


b. What happens to the graph for negative values of B? Try it 
with B = —3 and B = —27. 
70. The horizontal shiftC Set the constants A = 3, B = 6,D = 0. 


a. Plot f(x) for the values C = 0, 1, and 2 over the interval 
—4a = x = 4m. Describe what happens to the graph of the 
general sine function as C increases through positive values. 


b. What happens to the graph for negative values of C? 


c. What smallest positive value should be assigned to C so the 
graph exhibits no horizontal shift? Confirm your answer with 
a plot. 


71. The vertical shift D Set the constants A = 3, B = 6,C = 0. 


a. Plot f(x) for the values D = 0, 1, and 3 over the interval 
—4a = x = 4m. Describe what happens to the graph of the 
general sine function as D increases through positive values. 

b. What happens to the graph for negative values of D? 

72. The amplitude A Set the constants B = 6,C = D= 0. 


a. Describe what happens to the graph of the general sine func- 
tion as A increases through positive values. Confirm your 
answer by plotting f(x) for the values A = 1, 5, and 9. 


b. What happens to the graph for negative values of A? 


Today a number of hardware devices, including computers, calculators, and smartphones, 
have graphing applications based on software that enables us to graph very complicated 
functions with high precision. Many of these functions could not otherwise be easily 
graphed. However, some care must be taken when using such graphing software, and in 
this section we address some of the issues that may be involved. In Chapter 4 we will see 
how calculus helps us determine that we are accurately viewing all the important features 
of a function’s graph. 


Graphing Windows 


When using software for graphing, a portion of the graph is displayed in a display or viewing 
window. Depending on the software, the default window may give an incomplete or mislead- 
ing picture of the graph. We use the term square window when the units or scales used on both 
axes are the same. This term does not mean that the display window itself is square (usually it 
is rectangular), but instead it means that the x-unit is the same length as the y-unit. 

When a graph is displayed in the default mode, the x-unit may differ from the y-unit of 
scaling in order to capture essential features of the graph. This difference in scaling can 
cause visual distortions that may lead to erroneous interpretations of the function’s behavior. 
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Some graphing software allows us to set the viewing window by specifying one or both of 
the intervals, a = x = b andc = y € d, and it may allow for equalizing the scales used 
for the axes as well. The software selects equally spaced x-values in [ a, b] and then plots 
the points (x, f(x)). A point is plotted if and only if x lies in the domain of the function and 
f(x) lies within the interval [ c, d]. A short line segment is then drawn between each plotted 
point and its next neighboring point. We now give illustrative examples of some common 
problems that may occur with this procedure. 


EXAMPLE 1 Graph the function f(x) = x°7 — 7x? + 28 in each of the following 
display or viewing windows: 


(a) [-10, 10] by [-10,10] (b) [-4,4] by [-50, 10] (©) [—4, 10] by [—60, 60] 


Solution 

(a) We select a = —10, b = 10, c = —10, and d = 10 to specify the interval of x-values 
and the range of y-values for the window. The resulting graph is shown in Figure 1.48a. 
It appears that the window is cutting off the bottom part of the graph and that the 
interval of x-values is too large. Let’s try the next window. 


10 
(es | | 
+ 110 | 4) 
0 


(b) (c) 


FIGURE 1.48 The graph of f(x) = x° — 7x? + 28 in different viewing windows. Selecting a window that gives a clear 


picture of a graph is often a trial-and-error process (Example 1). The default window used by the software may automatically 


display the graph in (c). 


(b) We see some new features of the graph (Figure 1.48b), but the top is missing and we 
need to view more to the right of x = 4 as well. The next window should help. 


(c) Figure 1.48c shows the graph in this new viewing window. Observe that we get a 
more complete picture of the graph in this window, and it is a reasonable graph of a 
third-degree polynomial. | 


EXAMPLE 2 When a graph is displayed, the x-unit may differ from the y-unit, as in 
the graphs shown in Figures 1.48b and 1.48c. The result is distortion in the picture, which 
may be misleading. The display window can be made square by compressing or stretching 
the units on one axis to match the scale on the other, giving the true graph. Many software 
systems have built-in options to make the window “square.” If yours does not, you may 
have to bring to your viewing some foreknowledge of the true picture. 

Figure 1.49a shows the graphs of the perpendicular lines y = x and y = —x + 3/2, 
together with the semicircle y = V9 — x7, in a nonsquare [—4,4] by [—6, 8] display 
window. Notice the distortion. The lines do not appear to be perpendicular, and the semi- 
circle appears to be elliptical in shape. 

Figure 1.49b shows the graphs of the same functions in a square window in which the 
x-units are scaled to be the same as the y-units. Notice that the scaling on the x-axis for 
Figure 1.49a has been compressed in Figure 1.49b to make the window square. Figure 1.49c 
gives an enlarged view of Figure 1.49b with a square [—3, 3] by [ 0, 4] window. a 
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FIGURE 1.49 Graphs of the perpendicular lines y = x and y = —x + 32 and of the semicircle 
y = V9 — x? appear distorted (a) in a nonsquare window, but clear (b) and (c) in square windows (Example 2). 
Some software may not provide options for the views in (b) or (c). 


If the denominator of a rational function is zero at some x-value within the viewing 
window, graphing software may produce a steep near-vertical line segment from the top to 
the bottom of the window. Example 3 illustrates steep line segments. 

Sometimes the graph of a trigonometric function oscillates very rapidly. When graph- 
ing software plots the points of the graph and connects them, many of the maximum and 
minimum points are actually missed. The resulting graph is then very misleading. 


EXAMPLE 3 Graph the function f(x) = sin 100x. 


Solution Figure 1.50a shows the graph of f in the viewing window [—12, 12] by 
[—1, 1]. We see that the graph looks very strange because the sine curve should oscillate 
periodically between —1 and 1. This behavior is not exhibited in Figure 1.50a. We might 
experiment with a smaller viewing window, say [—6,6] by [—1, 1], but the graph is not 
better (Figure 1.50b). The difficulty is that the period of the trigonometric function 
y = sin 100x is very small (277/100 ~ 0.063). If we choose the much smaller viewing 
window [—0.1,0.1] by [—1,1] we get the graph shown in Figure 1.50c. This graph 
reveals the expected oscillations of a sine curve. | 


2 
TATA 


-1 -1 
(a) (b) 


FIGURE 1.50 Graphs of the function y = sin 100x in three viewing windows. Because the period is 27/100 ~ 0.063, 
the smaller window in (c) best displays the true aspects of this rapidly oscillating function (Example 3). 


EXAMPLE 4 Graph the function y = cos x + osm 200x. 


Solution In the viewing window [—6,6] by [—1, 1] the graph appears much like the 
cosine function with some very small sharp wiggles on it (Figure 1.51a). We get a better 
look when we significantly reduce the window to [—0.2, 0.2] by [ 0.97, 1.01], obtaining 
the graph in Figure 1.51b. We now see the small but rapid oscillations of the second term, 
(1/200) sin 200x, added to the comparatively larger values of the cosine curve. | 
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1 1.01 


FIGURE 1.51 In (b) we see a close-up view of the function 


y = cosx + spoon 200x graphed in (a). The term cos x clearly dominates 


the second term sin 200x, which produces the rapid oscillations along the 


1 
> 200 
cosine curve. Both views are needed for a clear idea of the graph (Example 4). 


Obtaining a Complete Graph 


Some graphing software will not display the portion of a graph for f(x) when x < 0. Usu- 
ally that happens because of the algorithm the software is using to calculate the function 
values. Sometimes we can obtain the complete graph by defining the formula for the func- 
tion in a different way, as illustrated in the next example. 


EXAMPLE 5 Graph the function y = x!/?. 


Solution Some graphing software displays the graph shown in Figure 1.52a. When we 
compare it with the graph of y = x!/? = Wx in Figure 1.17, we see that the left branch for 
x < 0 is missing. The reason the graphs differ is that the software algorithm calculates 
x!/3 as e!/3!"*_ Since the logarithmic function is not defined for negative values of x, the 
software can produce only the right branch, where x > 0. (Logarithmic and exponential 
functions are introduced in the next two sections.) 


(a) (b) 
FIGURE 1.52 The graph of y = x'/? is missing the left branch in (a). In (b) we 


ce 


graph the function f(x) = |x|!/3, obtaining both branches. (See Example 5.) 


|x| 
To obtain the full picture showing both branches, we can graph the function 


fx) = A |x|. 


|x| 
This function equals x!/? except at x = 0 (where f is undefined, although 0!/7 = 0). A 
graph of f is displayed in Figure 1.52b. Oo 
Capturing the Trend of Collected Data 


We have pointed out that applied scientists and analysts often collect data to study a par- 
ticular issue or phenomenon of interest. If there is no known principle or physical law 


TABLE 1.3 Tuition and fees at 
the University of California 


Year, x Cost, y 
1990 1,820 
1995 4,166 
2000 3,964 
2005 6,802 
2010 11,287 
2011 13,218 
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relating the independent and dependent variables, the data can be plotted in a scatterplot to 
help find a curve that captures the overall trend of the data points. This process is called 
regression analysis, and the curve is called a regression curve. 

Many graphing utilities have software that finds the regression curve for a particular 
type of curve (such as a straight line, a quadratic or other polynomial, or a power curve) and 
then superimposes the graph of the found curve over the scatterplot. This procedure results 
in a useful graphical visualization, and often the formula produced for the regression curve 
can be used to make reasonable estimates or to help explain the issue of interest. 

One common method, known as least squares, finds the desired regression curve by 
minimizing the sum of the squares of the vertical distances between the data points and the 
curve. The least squares method is an optimization problem. (In Section 14.7 exercises, we 
discuss how the regression curve is calculated when fitting a straight line to the data.) Here 
we present a few examples illustrating the technique by using available software to find 
the curve. Keep in mind that different software packages may have different ways of enter- 
ing the data points, and different output features as well. 


EXAMPLE 6 Table 1.3 shows the annual cost of tuition and fees for a full-time stu- 
dent attending the University of California for the years 1990-2011. The data in the list 
cite the beginning of the academic year when the corresponding cost was in effect. Use the 
table to find a regression line capturing the trend of the data points, and use the line to 
estimate the cost for academic year 2018-19. 


Solution We use regression software that allows for fitting a straight line, and we enter 
the data from the table to obtain the formula 


y = 506.25x — 1.0066 - 10°, 


where x represents the year and y the cost that took effect that year. Figure 1.53 displays 
the scatterplot of the data together with the graph of this regression line. From the equation 
of the line, we find that for x = 2018, 


y = 506.25(2018) — 1.0066- 10° = 15,013 


is the estimated cost (rounded to the nearest dollar) for the academic year 2018-19. The 
last two data points rise above the trend line in the figure, so this estimate may turn out to 
be low. a 
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FIGURE 1.53  Scatterplot and regression 
line for the University of California tuition 
and fees from Table 1.3 (Example 6). 


EXAMPLE 7 The Centers for Disease Control and Prevention recorded the deaths 
from tuberculosis in the United States for 1970-2006. We list the data in Table 1.4 for 
5-year intervals. Find linear and quadratic regression curves capturing the trend of the data 
points. Which curve might be the better predictor? 
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TABLE 1.4 U.S. deaths from 

tuberculosis 

Year, x Deaths, y 
1970 5,217 
1975 3,333 
1980 1,978 
1985 1,752 
1990 1,810 
1995 1,336 
2000 716 
2005 648 


Exercises 1.4) 


Choosing a Viewing Window 


Solution Using regression software that allows us to fit a straight line as well as a qua- 
dratic curve, we enter the data to obtain the formulas 


y = 2.2279+ 10° — 111.04x, line fit 
and 


1451, _ 3,483,953, 464,757,147 
350°" 210 * 2~CO 


quadratic fit 


where x represents the year and y represents the number of deaths that occurred. A scat- 
terplot of the data, together with the two trend curves, is displayed in Figure 1.54. In look- 
ing at the figure, it would appear that the quadratic curve most closely captures the trend 
of the data, except for the years 1990 and 1995, and would make the better predictor. How- 
ever, the quadratic seems to have a minimum value near the year 2000, rising upward 
thereafter, so it would probably not be a useful tool for making good estimates in the years 
beyond 2010. This example illustrates the danger of using a regression curve to predict 
values beyond the range of the data used to construct the curve. a 


y 
A 


0 >Xx 
1970 1980 1990 2000 2010 


FIGURE 1.54  Scatterplot with the 
regression line and quadratic curves for 


tuberculosis deaths in the United States, 
based on Table 1.4 (Example 7). 


should give a picture of the overall behavior of the function. There is 


[T] In Exercises 1-4, use graphing software to determine which of the more than one choice, but incorrect choices can miss important 

given viewing windows displays the most appropriate graph of the aspects of the function. 
+ F 5 

specified function. 5. f(x) = x4 -— 43 + 15 6. f(x) = ] = = —~x+] 

1. f(x) = x* — 7x? + 6x 
a. [-1,1] by [-1,1] b. [-2,2] by [-5, 5] 7. f(x) =x — 5x4 + 10 8. f(x) = 43 — x4 
c. [-10,10] by [-10,10] d. [—5,5] by [—25, 15] 9. f@) = xV9- xX? 10. f(x) = x°(6 — x°) 

2. f@) = 3 — 42 — 4x + 16 11. y = 2x — 3x2 12. y = x! — 8) 
a. [—1,1] by [5,5] b. [-3,3] by [—10, 10] 13. y = 5x75 — 2x 14. y = PRS — x) 
c. [-5,5] by [-10,20]  d. [—20,20] by [—100, 100] 15. 9 = |x = 1 16. y = |x? — | 

3. f@ =54 1ke- xX = oe 
FO) a x 17. y +2 18. y = 1 24 
a. [—-1,1] by [-1,1 b. [-5,5] by |—10, 10 

: oer : : Baus P wrt+2 vr-1 

c. [—4,4] by [—20, 20] d. [—4, 5] by [—15, 25] 19. fx) = one 20. f(x) = eas 4 

4. f@~) = V5 4+ 4x - 2? i P 

e = _ . : — x = 

a. [—2,2] by [-2,2] b. [-2,6] by [-1,4] 21. f(x) = @oae= 22. f(x) 225 
c. [-3,7] by [0, 10] d. [—10, 10] by [—10, 10] re is 

or ere 23. f) = 3 24. f(x) = 

Finding a Viewing Window 4x” — 10x x—2 


In Exercises 5—30, find an appropriate graphing software viewing win- 25. y = sin 250x 26. y = 3cos 60x 
dow for the given function and use it to display its graph. The window : : 


27. 


29. 


a ee oe Sl a 
y= cos( 5) 28. y= ssin( 5) 


y=xt | sini 30x 30. y=xr t+ 300s 100x 


10 


Use graphing software to graph the functions specified in Exercises 31-36. 
Select a viewing window that reveals the key features of the function. 


31. 
32. 


33. 
34. 


35. 
36. 


Graph the lower half of the circle defined by the equation 
ve t+w=4+4y-y. 
Graph the upper branch of the hyperbola y? — 16x* = 1 


Graph four periods of the function f(x) = — tan 2x. 
Graph two periods of the function f(x) = 3cot 5 see ill, 


Graph the function f(x) = sin 2x + cos 3x. 
Graph the function f(x) = sin*x. 


Regression Lines or Quadratic Curve Fits 
Use a graphing utility to find the regression curves specified in Exer- 
cises 37-42. 


37. 


38. 


Weight of males The table shows the average weight for men 
of medium frame based on height as reported by the Metropolitan 
Life Insurance Company (1983). 


Height (in.) Weight (Ib) | Height (in.) Weight (Ib) 

62 136 70 157 

63 138 71 160 

64 141 Tz. 163.5 

65 141.5 73 167 

66 145 74 171 

67 148 75 174.5 

68 151 76 179 

69 154 


a. Make a scatterplot of the data. 


b. Find and plot a regression line, and superimpose the line on 
the scatterplot. 


c. Does the regression line reasonably capture the trend of the 
data? What weight would you predict for a male of height 6'7"? 


Federal minimum wage The federal minimum hourly wage 
rates have increased over the years. The table shows the rates at 
the year in which they first took effect, as reported by the U.S. 
Department of Labor. 


Year Wage ($) Year Wage ($) 
1978 2.65 1996 4.75 
1979 2.90 1997 5.15 
1980 3.10 2007 5.85 
1981 3.35 2008 6.55 
1990 3.80 2009 125 
1991 4.25 


a. Make a scatterplot of the data. 


b. Find and plot a regression line, and superimpose the line on 
the scatterplot. 


c. What do you estimate as the minimum wage for the year 2018? 


39. 


40. 


41. 
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Median home price The median price of single-family homes 
in the United States increased quite consistently during the years 
1976-2000. Then a housing “bubble” occurred for the years 
2001-2010, in which prices first rose dramatically for 6 years and 
then dropped in a steep “crash” over the next 4 years, causing 
considerable turmoil in the U.S. economy. The table shows some 
of the data as reported by the National Association of Realtors. 


Year Price ($) Year Price ($) 
1976 37400 2000 122600 
1980 56250 2002 150000 
1984 66500 2004 187500 
1988 87500 2006 247500 
1992 95800 2008 183300 
1996 104200 2010 162500 


a. Make a scatterplot of the data. 


b. Find and plot the regression line for the years 1976-2002, 
and superimpose the line on the scatterplot in part (a). 


c. How would you interpret the meaning of a data point in the 
housing “bubble”? 


Average energy prices The table shows the average residential 
and transportation prices for energy consumption in the United 
States for the years 2000-2008, as reported by the U.S. Depart- 
ment of Energy. The prices are given as dollars paid for one mil- 
lion BTU (British thermal units) of consumption. 


Year __ Residential ($) | Transportation ($) 
2000 15 10 
2001 16 10 
2002 15 9 
2003 16 11 
2004 18 13 
2005 19 16 
2006 21 19 
2007 21 20 
2008 23 25 


a. Make a scatterplot of the data sets. 


b. Find and plot a regression line for each set of data points, and 
superimpose the lines on their scatterplots. 


c. What do you estimate as the average energy price for resi- 
dential and transportation use for a million BTU in year 
2017? 


d. In looking at the trend lines, what do you conclude about the 
rising costs of energy across the two sectors of usage? 


Global annual mean surface air temperature A NASA God- 
dard Institute for Space Studies report gives the annual global 
mean land-ocean temperature index for the years 1880 to the 
present. The index number is the difference between the mean 
temperature over the base years 1951-1980 and the actual tem- 
perature for the year recorded. For the recorded year, a positive 
index is the number of degrees Celsius above the base; a negative 
index is the number below the base. The table lists the index for 
the years 1940-2010 in 5-year intervals, reported in the NASA 
data set. 
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Year Index (°C) Year Index CQ) 42. Growth of yeast cells The table shows the amount of yeast 
cells (measured as biomass) growing over a 7-hour period in a 
1940 0.04 1980 0.20 nutrient, as recorded by R. Pearl (1927) during a well-known bio- 
1945 0.06 1985 0.05 logical experiment. 
1950 —0.16 1990 0.36 
1955 —0.11 1995 0.39 Hour O 1 2 3 4 5 6 7 
ron OO 20 = Biomass 9.6 18.3 29.0 47.2 71.1 119.1 174.6 257.3 
1965 —0.12 2005 0.62 
1970 0.03 2010 0.63 a. Make a scatterplot of the data. 
led =O" b. Find and plot a regression quadratic, and superimpose the 
quadratic curve on the scatterplot. 
a. Make a scatterplot of the data. c. What do you estimate as the biomass of yeast in the nutrient 
b. Find and plot a regression line, and superimpose the line on after 11 hours? 
the scatterplot. d. Do you think the quadratic curve would provide a good estimate 
c. Find and plot a quadratic curve that captures the trend of the of the biomass after 18 hours? Give reasons for your answer. 


data, and superimpose the curve on the scatterplot. 


1 5 Exponential Functions 


Don’t confuse the exponential 2* with 
the power function x’. In the exponen- 
tial, the variable x is in the exponent, 


whereas the variable x is the base in the 
power function. 


Exponential functions are among the most important in mathematics and occur in a wide 
variety of applications, including interest rates, radioactive decay, population growth, the 
spread of a disease, consumption of natural resources, the earth’s atmospheric pressure, tem- 
perature change of a heated object placed in a cooler environment, and the dating of fossils. 
In this section we introduce these functions informally, using an intuitive approach. We give 
a rigorous development of them in Chapter 7, based on important calculus ideas and results. 


Exponential Behavior 


When a positive quantity P doubles, it increases by a factor of 2 and the quantity becomes 
2P. If it doubles again, it becomes 2(2P) = 27P, and a third doubling gives 2(27P) = 2°P. 
Continuing to double in this fashion leads us to consider the function f(x) = 2*. We call 
this an exponential function because the variable x appears in the exponent of 2*. Func- 
tions such as g(x) = 10* and h(x) = (1/2)* are other examples of exponential functions. 
In general, if a ~ 1 is a positive constant, the function 


f@~ =a, a>O0 


is the exponential function with base a. 


EXAMPLE 1 In 2014, $100 is invested in a savings account, where it grows by 
accruing interest that is compounded annually (once a year) at an interest rate of 5.5%. 
Assuming no additional funds are deposited to the account and no money is withdrawn, 
give a formula for a function describing the amount A in the account after x years have 
elapsed. 


Solution If P = 100, at the end of the first year the amount in the account is the original 
amount plus the interest accrued, or 


P+ (33)e = (1 + 0.055)P = (1.055)P. 


At the end of the second year the account earns interest again and grows to 


(1 + 0.055) -(1.055P) = (1.055)?P = 100: (1.055). P = 100 


-1 -05 0 05 1 
(a) y= 2%, y= 3%, y = 10* 


yar 


| x 


| 
=1 =05 0 0.5 1 
(b) y= 2% y= 3% y = 10 


FIGURE 1.55 Graphs of exponential 
functions. 
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Continuing this process, after x years the value of the account is 
A = 100: (1.055). 


This is a multiple of the exponential function with base 1.055. Table 1.5 shows the 
amounts accrued over the first four years. Notice that the amount in the account each year 
is always 1.055 times its value in the previous year. 


TABLE 1.5 Savings account growth 

Year Amount (dollars) Increase (dollars) 
2014 100 

2015 100(1.055) = 105.50 5.50 

2016 100(1.055)? = 111.30 5.80 

2017 100(1.055)? = 117.42 6.12 

2018 100(1.055)* = 123.88 6.46 


In general, the amount after x years is given by P(1 + r)*, where r is the interest rate 
(expressed as a decimal). |_| 


For integer and rational exponents, the value of an exponential function f(x) = a” is 
obtained arithmetically as follows. If x = n is a positive integer, the number a” is given by 
multiplying a by itself n times: 


a’ = a*a* ce mY 9 im 
—— 


n factors 


If x = 0, then a® = 1, andif x = —n for some positive integer n, then 


ii alle OL 
C= — Na 


If x = 1/n for some positive integer n, then 
ain = Va, 


which is the positive number that when multiplied by itself n times gives a. If x = p/q is 
any rational number, then 


alt = Va = (Way. 


If x is irrational, the meaning of a* is not so clear, but its value can be defined by con- 
sidering values for rational numbers that get closer and closer to x. This informal approach 
is based on the graph of the exponential function, as we are about to describe. In Chapter 7 
we define the meaning in a rigorous way. 

We displayed the graphs of several exponential functions in Section 1.1, and show 
them again in Figure 1.55. These graphs indicate the values of the exponential functions 
for all real inputs x. The value at an irrational number x is chosen so that the graph of a* 
has no “holes” or “jumps.” Of course, these words are not mathematical terms, but they do 
convey the informal idea. We mean that the value of a*, when x is irrational, is chosen so 
that the function f(x) = a* is continuous, a notion that will be carefully explored in the 
next chapter. This choice ensures the graph retains its increasing behavior when a > 1, or 
decreasing behavior when 0 < a < 1 (see Figure 1.55). 

Arithmetically, the graphical idea can be described in the following way, using the 
exponential function f(x) = 2* as an illustration. Any particular irrational number, say 
x = V3, has a decimal expansion 


V/3 = 1.732050808.... 
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TABLE 1.6 Values of 2V3 for 
rational r closer and closer toV3 


r 


1.0 

17 

1.73 

1.732 
1.7320 
1.73205 
1.732050 
1.7320508 
1.73205080 
1.732050808 


p18 


2.000000000 
3.249009585 
3.317278183 
3.321880096 
3.321880096 
3.321995226 
3.321995226 
3.321997068 
3.321997068 
3.321997086 


We then consider the list of numbers, given as follows in the order of taking more and 
more digits in the decimal expansion, 


he or. 2173 gi, Qh 1320. 1.73205 we (1) 


We know the meaning of each number in list (1) because the successive decimal approxi- 
mations to V3 given by 1, 1.7, 1.73, 1.732, and so on, are all rational numbers. As these 
decimal approximations get closer and closer to \/3, it seems reasonable that the list of 
numbers in (1) gets closer and closer to some fixed number, which we specify to be 2¥3, 

Table 1.6 illustrates how taking better approximations to V3 gives better approxima- 
tions to the number 2V3 ~ 3.321997086. It is the completeness property of the real num- 
bers (discussed briefly in Appendix 7) which guarantees that this procedure gives a single 
number we define to be 2V3 (although it is beyond the scope of this text to give a proof). In 
a similar way, we can identify the number 2* (or a*, a > 0) for any irrational x. By identi- 
fying the number a* for both rational and irrational x, we eliminate any “holes” or “gaps” in 
the graph of a*. In practice you can use a calculator to find the number a’ for irrational x by 
taking successive decimal approximations to x and creating a table similar to Table 1.6. 

Exponential functions obey the familiar rules of exponents listed below. It is easy to 
check these rules using algebra when the exponents are integers or rational numbers. We 
prove them for all real exponents in Chapters 4 and 7. 


Rules for Exponents 
If a > 0 and b > 0, the following rules hold true for all real numbers x and y. 


x Ve xt+y a — A= y 
Lae-a@=a 2 


4. a“: b* = (aby 


EXAMPLE 2  Weillustrate using the rules for exponents to simplify numerical expressions. 
1. 3l1. 30.7 = 31.1407 = 318 Role 1 


2, we) = (Vi0)"! = (Vid)? = 10 Rute? 


B (522 = GVO = 5? = 95 Rule 3 
4, 77°87 = (56)” Rule 4 
4\'? 42 2 
5. (<) = gi?2 = 3 Rule 5 8 


The Natural Exponential Function e” 


The most important exponential function used for modeling natural, physical, and economic 
phenomena is the natural exponential function, whose base is the special number e. 
The number e is irrational, and its value is 2.718281828 to nine decimal places. (In Sec- 
tion 3.8 we will see a way to calculate the value of e.) It might seem strange that we would 
use this number for a base rather than a simple number like 2 or 10. The advantage in 
using e as a base is that it simplifies many of the calculations in calculus. 

If you look at Figure 1.55a you can see that the graphs of the exponential functions 
y = a“ get steeper as the base a gets larger. This idea of steepness is conveyed by the slope 
of the tangent line to the graph at a point. Tangent lines to graphs of functions are defined 
precisely in the next chapter, but intuitively the tangent line to the graph at a point is a line 


1.5 Exponential Functions 39 


>X 


0 


(b) (c) 


FIGURE 1.56 Among the exponential functions, the graph of y = e* has the property that the 
slope m of the tangent line to the graph is exactly 1 when it crosses the y-axis. The slope is smaller 
for a base less than e, such as 2*, and larger for a base greater than e, such as 3*. 


that just touches the graph at the point, like a tangent to a circle. Figure 1.56 shows the 
slope of the graph of y = a* as it crosses the y-axis for several values of a. Notice that the 
slope is exactly equal to 1 when a equals the number e. The slope is smaller than | if 
a < e, and larger than 1 if a > e. This is the property that makes the number e so useful 
in calculus: The graph of y = e* has slope 1 when it crosses the y-axis. 


Exponential Growth and Decay 


The exponential functions y = e, where k is a nonzero constant, are frequently used for 
modeling exponential growth or decay. The function y = y)e“ is a model for exponential 
growth if k > O and a model for exponential decay if k < 0. Here yo represents a con- 
stant. An example of exponential growth occurs when computing interest compounded 
continuously modeled by y = P: e”, where P is the initial monetary investment, r is the 
interest rate as a decimal, and f is time in units consistent with r. An example of exponen- 
tial decay is the model y = A-e7!?*!°", which represents how the radioactive isotope 
carbon-14 decays over time. Here A is the original amount of carbon-14 and fis the time in 
years. Carbon-14 decay is used to date the remains of dead organisms such as shells, 
seeds, and wooden artifacts. Figure 1.57 shows graphs of exponential growth and expo- 
nential decay. 


(a) (b) 


FIGURE 1.57 Graphs of (a) exponential growth, k = 1.5 > 0, and (b) exponential decay, 
k=-12<0. 


EXAMPLE 3 Investment companies often use the model y = Pe” in calculating the 
growth of an investment. Use this model to track the growth of $100 invested in 2014 at an 
annual interest rate of 5.5%. 


Solution Let ¢ = 0 represent 2014, t = 1 represent 2015, and so on. Then the exponen- 
tial growth model is y(t) = Pe”, where P = 100 (the initial investment), r = 0.055 (the 
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Exercises 


Sketching Exponential Curves 


annual interest rate expressed as a decimal), and f¢ is time in years. To predict the amount in 
the account in 2018, after four years have elapsed, we take t = 4 and calculate 
y(4) = 100e9.955(4) 
= 100¢°” 
= 124.61. Nearest cent using calculator 


This compares with $123.88 in the account when the interest is compounded annually 
from Example 1. | 


EXAMPLE 4 Laboratory experiments indicate that some atoms emit a part of their 
mass as radiation, with the remainder of the atom re-forming to make an atom of some 
new element. For example, radioactive carbon-14 decays into nitrogen; radium eventually 
decays into lead. If yo is the number of radioactive nuclei present at time zero, the number 
still present at any later time ¢ will be 


y=ye", r0. 


The number r is called the decay rate of the radioactive substance. (We will see how this 
formula is obtained in Section 7.2.) For carbon-14, the decay rate has been determined 
experimentally to be about r = 1.2 X 10+ when ¢ is measured in years. Predict the per- 
cent of carbon-14 present after 866 years have elapsed. 


Solution If we start with an amount yp of carbon-14 nuclei, after 866 years we are left 
with the amount 


(866) =" ¥y eC 1.2x 10°*) (866) 
(0.901 yo. Calculator evaluation 


N 


That is, after 866 years, we are left with about 90% of the original amount of carbon-14, 
so about 10% of the original nuclei have decayed. In Example 7 in the next section, you 
will see how to find the number of years required for half of the radioactive nuclei present 
in a sample to decay (called the half-life of the substance). a 


You may wonder why we use the family of functions y = e“ for different values of the 
constant k instead of the general exponential functions y = a’. In the next section, we show 
that the exponential function a* is equal to e“ for an appropriate value of k. So the formula 
y = e* covers the entire range of possibilities, and we will see that it is easier to use. 


Applying the Laws of Exponents 


In Exercises 1-6, sketch the given curves together in the appropriate Use the laws of exponents to simplify the expressions in Exercises 
coordinate plane and label each curve with its equation. 11-20. 

lL y=By=4y =3%y = (1/5) 1.116 12, 943-916 

x x ie x 4.2 5/3 

29> y= By aya 1/4 ia 14. 25 

3. y = 2‘ and y = —2' 4. y= 3‘ and y = —3' 4 3 

5. y= e‘andy = 1/e 6. y = —e* and y = —e* 15. (2s 16. (ae 
In each of Exercises 7-10, sketch the shifted exponential curves. 17. PA07 18. (V3) "2, ( V 12) ne 


7. y=2*-1landy=27*-1 
8. y= 3% +2andy=3*+2 
9. y 


ll 


1 — e- andy = 1-e* 


10. y=-—1-—e*‘andy =—1 — e* 


(al a) 


Composites Involving Exponential Functions 
Find the domain and range for each of the functions in Exercises 
21-24. 


1 = 
21. f@®) = a4 e 22. g(t) = cos(e") 
23. gf) = V1 +37 24. f(x) = i Fe 
= oA 
Applications 


In Exercises 25—28, use graphs to find approximate solutions. 


25. 2° =5 26. ec = 4 
27. 3° - 0.5 =0 28. 3 —-2* = 


In Exercises 29-36, use an exponential model and a graphing calcula- 


tor to estimate the answer in each problem. 


29. Population growth The population of Knoxville is 500,000 
and is increasing at the rate of 3.75% each year. Approximately 
when will the population reach | million? 


30. Population growth The population of Silver Run in the year 
1890 was 6250. Assume the population increased at a rate of 
2.75% per year. 


a. Estimate the population in 1915 and 1940. 
b. Approximately when did the population reach 50,000? 


l 6 Inverse Functions and Logarithms 


31. 


32. 


33. 


34. 


35. 


36. 
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Radioactive decay The half-life of phosphorus-32 is about 
14 days. There are 6.6 grams present initially. 


a. Express the amount of phosphorus-32 remaining as a func- 
tion of time ¢. 


b. When will there be 1 gram remaining? 


If Jean invests $2300 in a retirement account with a 6% interest rate 
compounded annually, how long will it take until Jean’s account 
has a balance of $4150? 


Doubling your money Determine how much time is required 
for an investment to double in value if interest is earned at the rate 
of 6.25% compounded annually. 


Tripling your money Determine how much time is required 
for an investment to triple in value if interest is earned at the rate 
of 5.75% compounded continuously. 


Cholera bacteria Suppose that a colony of bacteria starts with 
1 bacterium and doubles in number every half hour. How many 
bacteria will the colony contain at the end of 24 hr? 


Eliminating a disease Suppose that in any given year the num- 
ber of cases of a disease is reduced by 20%. If there are 10,000 
cases today, how many years will it take 

a. to reduce the number of cases to 1000? 


b. to eliminate the disease; that is, to reduce the number of cases 
to less than 1? 


A function that undoes, or inverts, the effect of a function f is called the inverse of f. 
Many common functions, though not all, are paired with an inverse. In this section we 
present the natural logarithmic function y = In x as the inverse of the exponential function 
y = e*, and we also give examples of several inverse trigonometric functions. 


One-to-One Functions 


A function is a rule that assigns a value from its range to each element in its domain. Some 
functions assign the same range value to more than one element in the domain. The func- 
tion f(x) = x? assigns the same value, 1, to both of the numbers —1 and +1; the sines of 
a /3 and 27/3 are both V3/ 2. Other functions assume each value in their range no more 
than once. The square roots and cubes of different numbers are always different. A func- 
tion that has distinct values at distinct elements in its domain is called one-to-one. These 
functions take on any one value in their range exactly once. 


DEFINITION A function f(x) is one-to-one on a domain D if f(x,) ¥ f(x) 
whenever x, # x inD. 


EXAMPLE 1 Some functions are one-to-one on their entire natural domain. Other 
functions are not one-to-one on their entire domain, but by restricting the function to a 
smaller domain we can create a function that is one-to-one. The original and restricted 
functions are not the same functions, because they have different domains. However, the 
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(a) One-to-one: Graph meets each 
horizontal line at most once. 


(b) Not one-to-one: Graph meets one or 
more horizontal lines more than once. 


FIGURE 1.58 (a) y = x3 andy = Vx 
are one-to-one on their domains (—©9, 00) 
and [ 0,00). (b) y = x? and y = sin x are 
not one-to-one on their domains (—©9, ©), 


Caution Do not confuse the inverse 
function f~! with the reciprocal 


function 1/f. 


two functions have the same values on the smaller domain, so the original function is an 
extension of the restricted function from its smaller domain to the larger domain. 


(a) fw~ = \/x is one-to-one on any domain of nonnegative numbers because Vx, cad 
Vu, whenever x, 7 x. 


(b) g(x) = sin x isnot one-to-one on the interval [ 0, 7 | because sin (77/6) = sin (57/6). 
In fact, for each element x, in the subinterval [ 0, 7/2) there is a corresponding ele- 
ment x, in the subinterval (7/2, 7] satisfying sin x; = sin x3, so distinct elements in 
the domain are assigned to the same value in the range. The sine function is one-to- 
one on [0, 7/2], however, because it is an increasing function on [0, 7/2] giving 
distinct outputs for distinct inputs. a 


The graph of a one-to-one function y = f(x) can intersect a given horizontal line at 
most once. If the function intersects the line more than once, it assumes the same y-value 
for at least two different x-values and is therefore not one-to-one (Figure 1.58). 


The Horizontal Line Test for One-to-One Functions 


A function y = f(x) is one-to-one if and only if its graph intersects each hori- 
zontal line at most once. 


Inverse Functions 


Since each output of a one-to-one function comes from just one input, the effect of the 
function can be inverted to send an output back to the input from which it came. 


DEFINITION Suppose that f is a one-to-one function on a domain D with range 
R. The inverse function f~! is defined by 


PO=a if fey=h 
The domain of f~! is R and the range of f~! is D. 


The symbol f~! for the inverse of f is read “f inverse.” The “—1” in f~! is not an 
exponent; f'(x) does not mean 1 / f(x). Notice that the domains and ranges of f and f7! 
are interchanged. 


EXAMPLE 2 Suppose a one-to-one function y = f(x) is given by a table of values 


x | 1] 2 | 3 
fay | 3 | 45 | 7 


4 | 5 
10.5 | 15 


am | 
20.5 | 27 | 34.5 | 


A table for the values of x = f~'(y) can then be obtained by simply interchanging the val- 
ues in the columns (or rows) of the table for f: 


y | 3 | 45 | 7 | 105 | 15 | 205 | 27 | 345 | 
fy} if 2f3f 4 is] 6 [7] 8 | . 


If we apply f to send an input x to the output f(x) and follow by applying f~! to f(x), 
we get right back to x, just where we started. Similarly, if we take some number y in the 
range of f, apply f | to it, and then apply f to the resulting value f~'(y), we get back the 
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value y with which we began. Composing a function and its inverse has the same effect as 
doing nothing. 


(flo fJ(Q) =x, for all x in the domain of f 
(fof) =y, for all y in the domain of f~! (or range of f) 


Only a one-to-one function can have an inverse. The reason is that if f(x;) = y and 
f(x) = y for two distinct inputs x, and x, then there is no way to assign a value to f —!(y) 
that satisfies both f~'(f(x;)) = x, and f '(fQo)) = ». 

A function that is increasing on an interval satisfies the inequality f(x.) > f(x,) when 
X2 > Xx,, SO it is one-to-one and has an inverse. Decreasing functions also have an inverse. 
Functions that are neither increasing nor decreasing may still be one-to-one and have an 
inverse, as with the function f(x) = 1/x for x # 0 and f(0) = 0, defined on (—0¢, 00) 
and passing the horizontal line test. 


Finding Inverses 


The graphs of a function and its inverse are closely related. To read the value of a function from 
its graph, we start at a point x on the x-axis, go vertically to the graph, and then move horizon- 
tally to the y-axis to read the value of y. The inverse function can be read from the graph by 
reversing this process. Start with a point y on the y-axis, go horizontally to the graph of 
y = f(x), and then move vertically to the x-axis to read the value of x = f~'(y) (Figure 1.59). 


y y 


S y =f@) x=f'y) 

5 

eal 

6 

Zz 

a 

[4 

x x 
0) x x 
DOMAIN OF f| RANGE OF f7! 

(a) To find the value of f at x, we start at x, (b) The graph of fis the graph of f, but 
go up to the curve, and then over to the y-axis. with x and y interchanged. To find the x that 


gave y, we start at y and go over to the curve 
and down to the x-axis. The domain of f~! is the 
range of f. The range of f~! is the domain of f. 


RANGE OF f—! 


DOMAIN oF f ~! 


(c) To draw the graph of f~! in the (d) Then we interchange the letters x and y. 
more usual way, we reflect the We now have a normal-looking graph of f~! 
system across the line y = x. as a function of x. 


FIGURE 1.59 The graph of y = f~!(x) is obtained by reflecting the graph of y = f(x) 
about the line y = x. 
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FIGURE 1.60 Graphing 

f(x) = (1/2)x + 1 and f'(x) = 2x — 2 
together shows the graphs’ symmetry with 
respect to the line y = x (Example 3). 


>< 


7) 


FIGURE 1.61 The functions y = Vx 


2 


and y = x°,x = O, are inverses of one 


another (Example 4). 


We want to set up the graph of f~! so that its input values lie along the x-axis, as is 
usually done for functions, rather than on the y-axis. To achieve this we interchange the x- 
and y-axes by reflecting across the 45° line y = x. After this reflection we have a new 
graph that represents f~!. The value of f~'(x) can now be read from the graph in the usual 
way, by starting with a point x on the x-axis, going vertically to the graph, and then horizon- 
tally to the y-axis to get the value of f~!(x). Figure 1.59 indicates the relationship between 
the graphs of f and f~!. The graphs are interchanged by reflection through the line y = x. 

The process of passing from f to f~! can be summarized as a two-step procedure. 


1. Solve the equation y = f(x) for x. This gives a formula x = f~'(y) where x is 
expressed as a function of y. 


2. Interchange x and y, obtaining a formula y = f~'(x) where f! is expressed in the 
conventional format with x as the independent variable and y as the dependent variable. 


EXAMPLE 3 Find the inverse of y = ox + 1, expressed as a function of x. 


Solution 
: 1 The graph is a straight line satisfying the 
1. Solve for x in terms of y: = 5% +1 horizontal line test (Fig. 1.60). 


2y=x+2 
x = 2y — 2. 
2. Interchange x andy: y = 2x — 2. 


The inverse of the function f(x) = (1/2)x + 1 is the function f~'(x) = 2x — 2. (See 
Figure 1.60.) To check, we verify that both composites give the identity function: 


sige = (dx +1) 2=x+2-2=x 


fF@) = FQx- + 1sx-141=2, H 


EXAMPLE 4 Find the inverse of the function y = x’, x = 0, expressed as a function 
of x. 


Solution For x = 0, the graph satisfies the horizontal line test, so the function is one-to- 
one and has an inverse. To find the inverse, we first solve for x in terms of y: 


yar 


Vy = Vx = |x| =x |x| = x because x = 0 
We then interchange x and y, obtaining 
y= Vx. 


The inverse of the function y = x’, x = 0, is the function y = Vx (Figure 1.61). 
Notice that the function y = x’, x = 0, with domain restricted to the nonnegative real 
numbers, is one-to-one (Figure 1.61) and has an inverse. On the other hand, the function y = x?, 


with no domain restrictions, is not one-to-one (Figure 1.58b) and therefore has no inverse. 


Logarithmic Functions 


If a is any positive real number other than 1, the base a exponential function f(x) = a’ is one- 
to-one. It therefore has an inverse. Its inverse is called the logarithm function with base a. 


DEFINITION The logarithm function with base a, y = log,.x, is the inverse of 
the base a exponential function y = a*(a > 0,a # 1). 


(b) 


FIGURE 1.62 (a) The graph of 2* and 
its inverse, logyx. (b) The graph of e* 
and its inverse, In x. 


HISTORICAL BIOGRAPHY* 
John Napier 


(1550-1617) 
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The domain of log,x is (0, °°), the range of a‘. The range of log, x is (—°0, ©0), the 
domain of a*. 

Figure 1.23 in Section 1.1 shows the graphs of four logarithmic functions with a > 1. 
Figure 1.62a shows the graph of y = log.x. The graph of y = a*,a > 1, increases rap- 
idly for x > 0, so its inverse, y = log,.x, increases slowly for x > 1. 

Because we have no technique yet for solving the equation y = a” for x in terms of y, 
we do not have an explicit formula for computing the logarithm at a given value of x. Nev- 
ertheless, we can obtain the graph of y = log,x by reflecting the graph of the exponential 
y = a across the line y = x. Figure 1.62 shows the graphs for a = 2 anda = e. 

Logarithms with base 2 are commonly used in computer science. Logarithms with 
base e and base 10 are so important in applications that many calculators have special keys 
for them. They also have their own special notation and names: 


log.x is writtenas Inx. 


logijx is writtenas logx. 


The function y = In x is called the natural logarithm function, and y = log x is 
often called the common logarithm function. For the natural logarithm, 


Inx=y & @=x. 


In particular, if we set x = e, we obtain 


Ine=1 


1 


because e° = e. 


Properties of Logarithms 


Logarithms, invented by John Napier, were the single most important improvement in 
arithmetic calculation before the modern electronic computer. What made them so useful 
is that the properties of logarithms reduce multiplication of positive numbers to addition of 
their logarithms, division of positive numbers to subtraction of their logarithms, and expo- 
nentiation of a number to multiplying its logarithm by the exponent. 

We summarize these properties for the natural logarithm as a series of rules that we 
prove in Chapter 3. Although here we state the Power Rule for all real powers r, the case 
when r is an irrational number cannot be dealt with properly until Chapter 4. We also 
establish the validity of the rules for logarithmic functions with any base a in Chapter 7. 


THEOREM 1—Algebraic Properties of the Natural Logarithm For any num- 
bers b > 0 and x > 0, the natural logarithm satisfies the following rules: 


1. Product Rule: Inbx = Inb + Inx 

2. Quotient Rule: in? = Inb — Inx 

3. Reciprocal Rule: Int = —Inx Rule 2 with b = I 
4. Power Rule: Inx’ = rlnx 


*To learn more about the historical figures mentioned in the text and the development of many major 
elements and topics of calculus, visit www.aw.com/thomas. 
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EXAMPLE 5 Here we use the properties in Theorem 1 to simplify three expressions. 


(a) In4 + Insin x = In(4 sin x) Product Rule 
(b) Inge 5 = In(x + 1) — InQx— 3) — Quotient Rute 
() Ing = —In8 Reciecal tale 
= —]n2? = —31n2 Power Rule a 


Because a* and log,x are inverses, composing them in either order gives the identity function. 


Inverse Properties for a* and log, x 
1. Base az a!°&* = x, log,a = x, a>0,a#4#1,x>0 


2. Base e: e!™* = x, Ine* = x, x>0 


Substituting a’ for x in the equation x = e!™* enables us to rewrite a” as a power of e: 


; : 
a = eh@) Substitute a‘ for x in x = e!™*. 
= exina Power Rule for logs 
= ellnax, Exponent rearranged 


Thus, the exponential function a* is the same as e for k = Ina. 


Every exponential function is a power of the natural exponential function. 
eg=e Ina 


That is, a* is the same as e* raised to the power Ina: a* = e* fork = Ina. 


For example, 
2x = ellndx = grind and 5—3x = elln5)(-3x) — p-3xIns. 
Returning once more to the properties of a* and log,.x, we have 
Inx = In(a!’«*) Inverse Property for a* and log, x 
= (log, x) (na). Power Rule for logarithms, with r = log, x 


Rewriting this equation as log,x = (Inx)/(Ina) shows that every logarithmic function is a 
constant multiple of the natural logarithm In x. This allows us to extend the algebraic 
properties for Inx to log, x. For instance, log, bx = log, b + log, x. 


Change of Base Formula 


Every logarithmic function is a constant multiple of the natural logarithm. 


— Inx 
log, x ~ Ina (a > 0, a A 1) 


Applications 
In Section 1.5 we looked at examples of exponential growth and decay problems. Here we 


use properties of logarithms to answer more questions concerning such problems. 


EXAMPLE 6 If $1000 is invested in an account that earns 5.25% interest compounded 
annually, how long will it take the account to reach $2500? 


Amount 
present 


Yo 


(aes 
0 139 ae. * (days) 


I—Half-life—| 


FIGURE 1.63 Amount of polo- 

nium-210 present at time t, where yo 
represents the number of radioactive 
atoms initially present (Example 7). 
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Solution From Example 1, Section 1.5, with P = 1000 and r = 0.0525, the amount in 
the account at any time fin years is 1000(1.0525)’, so to find the time f when the account 
reaches $2500 we need to solve the equation 


1000(1.0525)’ = 2500. 


Thus we have 


(1.0525)' = 2.5 Divide by 1000. 
In(1.0525)' = In 2.5 Take logarithms of both sides. 
tin 1.0525 = In 2.5 Power Rule 
(a me = 17.9 Values obtained by calculator 
The amount in the account will reach $2500 in 18 years, when the annual interest payment 
is deposited for that year. a 


EXAMPLE 7 The half-life of a radioactive element is the time required for half of the 
radioactive nuclei present in a sample to decay. It is a notable fact that the half-life is a 
constant that does not depend on the number of radioactive nuclei initially present in the 
sample, but only on the radioactive substance. 

To see why, let yo be the number of radioactive nuclei initially present in the sample. 
Then the number y present at any later time ft will be y = ye. We seek the value of f at 
which the number of radioactive nuclei present equals half the original number: 


= 1 
Yoe Mt = 50 
et = 5 
—kt = ns = —In2 Reciprocal Rule for logarithms 
_In2 
p=. (1) 


This value of ¢ is the half-life of the element. It depends only on the value of k; the number 
yo does not have any effect. 

The effective radioactive lifetime of polonium-210 is so short that we measure it in 
days rather than years. The number of radioactive atoms remaining after ¢ days in a sample 
that starts with yo radioactive atoms is 


y= ye >* 10° t 
The element’s half-life is 
Half-life = me — 
= rare The k from polonium’s decay equation 
=~ 139 days. 


This means that after 139 days, 1/2 of yp radioactive atoms remain; after another 
139 days (or 278 days altogether) half of those remain, or 1/4 of yp radioactive atoms 
remain, and so on (see Figure 1.63). a 


Inverse Trigonometric Functions 


The six basic trigonometric functions of a general radian angle x were reviewed in Section 1.3. 
These functions are not one-to-one (their values repeat periodically). However, we can 
restrict their domains to intervals on which they are one-to-one. The sine function 
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y 
” 
N 


x = siny 


y = sin |x 
Domain: -l=x=1 
Range: —7/2= ys 7/2 


>X 


FIGURE 1.64 The graph of y = sin! x. 


: T T 
, y=snzx,-Lsxe4 
+ ee 2 2 


* Domain: [-7/2, 7/2] 
Range: [-—1, 1] 


.| x = siny 
\ | 
Sy = sin™x 


\ Domain: [—1, 1] 
Range: [~—7/2, 7/2] 


>X 


FIGURE 1.65 The graphs of 

(a) y = sinx, -7/2 =x S 7/2, and 
(b) its inverse, y = sin 'x. The graph 
of sin! x, obtained by reflection across 
the line y = x, is a portion of the curve 
x = siny. 


increases from —1 at x = —7/2 to +1 at x = 7/2. By restricting its domain to the inter- 
val [—7/2, 7/2] we make it one-to-one, so that it has an inverse sin™!x (Figure 1.64). 
Similar domain restrictions can be applied to all six trigonometric functions. 


Domain restrictions that make the trigonometric functions one-to-one 


y y 
A A 
sin x 
_7 IL COS Xx 
2 ' 
0 T x —t 
i o @\cF 
a 2 —1k 2 
y = sinx y = cosx y = tanx 
Domain: [—7/2, 7/2] Domain: [ 0, 77 | Domain: (—7/2, 7/2) 
Range: [—1, 1 ] Range: [—1, 1] Range: (—©9, 00) 
y y — y csc x 
cot x 
1 IP 
|, tg 
|. t} m* 0 a = OO a 
2 -IP i 7 -1IF : 
y = cotx y = secx y = cscx 
Domain: (0, 77) Domain: [0, 7/2) U (7/2,7] Domain: [—7/2,0) U (0, 7/2] 
Range: (—©9, 00) Range: (-co, -1] U [ 1,0) Range: (-co, -1] U [1,%) 


Since these restricted functions are now one-to-one, they have inverses, which we 
denote by 


y = sin x or y = arcsin x 
y=cos!x or y = arccos x 
y=tan'!x or  y=arctanx 
y=cot!x or y = arccot x 
y=sec'x or y= arcsecx 
y=cse!x or y = arcecse x 


These equations are read “‘y equals the arcsine of x” or “y equals arcsin x” and so on. 


Caution The —1 in the expressions for the inverse means “inverse.” It does not mean 
reciprocal. For example, the reciprocal of sin x is (sin x)"! = 1/sin x = csc x. 


The graphs of the six inverse trigonometric functions are obtained by reflecting the 
graphs of the restricted trigonometric functions through the line y = x. Figure 1.65b 
shows the graph of y = sin™!x and Figure 1.66 shows the graphs of all six functions. We 
now take a closer look at two of these functions. 


The Arcsine and Arccosine Functions 


We define the arcsine and arccosine as functions whose values are angles (measured in 
radians) that belong to restricted domains of the sine and cosine functions. 


The “Arc” in Arcsine and Arccosine 

For a unit circle and radian angles, the 
arc length equation s = r@ becomes 
s = 6, so central angles and the arcs 
they subtend have the same measure. 
If x = sin y, then, in addition to being 
the angle whose sine is x, y is also the 
length of arc on the unit circle that 
subtends an angle whose sine is x. So 
we call y “the arc whose sine is x.” 


y 
A 


et+y=1 Arc whose sine is x 


Angle whose 
sine is x 


x 
Angle whose 
cosine is x 


Arc whose 
cosine is x 
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Domain: -l=x= 1 Domain: -l=x=1 Domain: —%* < x < % 
» -Ze<y<@ : <y< Range: —Z <y<Z 
Range: 7 sys a Range: Osysa7 ange a) 
y y y 
” N ik 


-+ 7 


y= coslx 


Domain: —% < x < 0% 
O<y<a7 


Domain: x= —lorx21 
Range: =F sys - y#0 Range: 


Domain: x = —lorx=1 


Range: O<y<a,y#2% 


2 


y = sec ly 


NIA | 
T 
3 
NIA 


(d) (e) 


FIGURE 1.66 Graphs of the six basic inverse trigonometric functions. 


DEFINITION 


sin~!x is the number in [—7/2, 7/2] for which sin y = x. 


< 
ll 


y = cos~'x is the number in [0, 7] for which cos y = x. 


The graph of y = sin"'x (Figure 1.65b) is symmetric about the origin (it lies along the 
graph of x = sin y). The arcsine is therefore an odd function: 


sin (—x) = —sin! x. (2) 


The graph of y = cos"! x (Figure 1.67b) has no such symmetry. 


EXAMPLE 8 _ Evaluate (a) sir'( 3) and (b) cos"! (-4). 


Solution 
(a) We see that 


sir(%3) == 


because sin (7/3) = V3/2 and 7/3 belongs to the range [—7/2, 77/2] of the arc- 
sine function. See Figure 1.68a. 


(b) We have 


because cos (27/3) = —1/2 and 27/3 belongs to the range [ 0, 7 | of the arccosine 
function. See Figure 1.68b. a 
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y=cosx,0Sxs7 
Domain: [0, 7] 
1 Range: [-1, 1] 


y = cos !x 
Domain: [—1, 1] 


Range:  [0, 7] 


> X 


(b) 


FIGURE 1.67 The graphs of (a) y = cos x, 


0 < x S 7, and (b) its inverse, y = cos! 


x 
The graph of cos !x, obtained by reflection 
across the line y = x, is a portion of the curve 


xX = cosy. 


Chicago 


FIGURE 1.69 Diagram for drift correc- 
tion (Example 9), with distances surrounded 
to the nearest mile (drawing not to scale). 


cos !( —x) 


FIGURE 1.70 cos 'x and cos !(—x) are 
supplementary angles (so their sum is 77). 


Using the same procedure illustrated in Example 8, we can create the following table of 
common values for the arcsine and arccosine functions. 


x sin !x cos !x 


V3/2 1/3 1/6 
4/22 1/4 1/4 
1/2 1/6 1/3 
—1/2 —17/6 2a /3 
-V2/2 —1/4 3a /4 
~V3/2 —1/3 57/6 


x 


= 
cv) 
sing =-V3 


2 2 
(a) (b) 


FIGURE 1.68 Values of the arcsine and arccosine functions 
(Example 8). 


EXAMPLE 9 During a 240 mi airplane flight from Chicago to St. Louis, after flying 
180 mi the navigator determines that the plane is 12 mi off course, as shown in Figure 
1.69. Find the angle a for a course parallel to the original correct course, the angle b, and 
the drift correction angle c = a + b. 


Solution From the Pythagorean theorem and given information, we compute an approxi- 
mate hypothetical flight distance of 179 mi, had the plane been flying along the original 
correct course (see Figure 1.69). Knowing the flight distance from Chicago to St. Louis, we 
next calculate the remaining leg of the original course to be 61 mi. Applying the Pythagorean 
theorem again then gives an approximate distance of 62 mi from the position of the plane to 
St. Louis. Finally, from Figure 1.69, we see that 180 sina = 12 and 62 sinb = 12, s0 


sin 2% = (0.067 radian ~ 3.8° 


a 


180 
b= dat ~ 0.195 radian ~ 11.2° 
62 ; . 
c=atb= 15°. || 


Identities Involving Arcsine and Arccosine 
As we can see from Figure 1.70, the arccosine of x satisfies the identity 

cos !x + cos \(—x) = a, (3) 
or 

cos! (—x) = m — cos! x. (4) 
Also, we can see from the triangle in Figure 1.71 that for x > 0, 


sin! x + cos!x = 1/2. (5) 
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Equation (5) holds for the other values of x in [—1, 1] as well, but we cannot conclude this 
1 from the triangle in Figure 1.71. It is, however, a consequence of Equations (2) and (4) 


a (Exercise 76). 


7 The arctangent, arccotangent, arcsecant, and arccosecant functions are defined in Sec- 
tion 3.9. There we develop additional properties of the inverse trigonometric functions in a 


FIGURE 1.71 | sin™'x and cos“! x are 
complementary angles (so their sum is 7/2). 


Exercises 1.6 


Identifying One-to-One Functions Graphically 
Which of the functions graphed in Exercises 1-6 are one-to-one, and 
which are not? 


1. 2 y 
a 
x 
=I 0 1 
y=xt-x 
3 y 4 y 
A A 
y = intx = 
eo 
re) 
y = 2x eo 
@—O- > 
eo 
3 eo 
eo 
re) 
5. 6. y 


In Exercises 7-10, determine from its graph if the function is one-to- 
one. 


calculus setting using the identities discussed here. 


Graphing Inverse Functions 

Each of Exercises 11-16 shows the graph of a function y = f(x). 
Copy the graph and draw in the line y = x. Then use symmetry with 
respect to the line y = x to add the graph of f 7! to your sketch. (It is 
not necessary to find a formula for f~!.) Identify the domain and 
range of f—!. 


11. 12. 
x 1 
it y=fa=1-%,.x>0 
1 o| Al . 
0 
13. 14. 
y y 
A 


LN 
y = f(x) = sin x, 
—h<xysF jb 


2 2 


y = f(x) = tan x, 


Teyet 
2" "9 


>< 
>< 


6 xP, “Ls 2=0 
f@) = 2 
FQ) = 6 — 2x, at —2 + 3x, 0<x<3 
O0<x33 >x 


=1 0 3 


17. a. Graph the function f(x) = V1 — x?,0 = x < 1. What sym- 
metry does the graph have? 


b. Show that f is its own inverse. (Remember that Vx? = xif 
x = 0.) 


18. a. Graph the function f(x) = 1/x. What symmetry does the 
graph have? 


b. Show that f is its own inverse. 


52 Chapter 1: Functions 


Formulas for Inverse Functions 
Each of Exercises 19-24 gives a formula for a function y = f(x) and 
shows the graphs of f and f~!. Find a formula for f~! in each case. 


19. f(x) =x? +1, x=0 20. fa) =x, x <0 


y y 
A 


y = fx) 


0 1 


y=f"@) 


21. fa =x-1 22. fm =x-2x4+1, x21 


y 


23. fo =(44+12, x= -1l 24 fw =x, x =0 
Bg » 
A 


» 
y= fe) y= fla) 


y=f'@) 


Each of Exercises 25-36 gives a formula for a function y = f(x). In 
each case, find f~'(x) and identify the domain and range of f—'. As a 
check, show that f(f (x)) = f '(f(@)) = x. 


25. f(x) = x0 26. f(x) = x4, x20 

27. fea +1 28. f(x) = (1/2)x — 7/2 

29. f(x) = 1/x*, x >0 30. f(@) = 1/3, x #0 
aoe 3 _ Vx 

31. f(x) = a5) 32. f(x) = oy eee = 


33. fw =2x-2x, x= 1 34 f) = 24 17/5 
(Hint: Complete the square.) 


x+b 
x=? 


36. f(x) = x° — 2bx, b > 0 andconstant, x = b 


35. f(x) = b >—2 and constant 


Inverses of Lines 
37. a. Find the inverse of the function f(x) = mx, where m is a con- 
stant different from zero. 


b. What can you conclude about the inverse of a function 
y = f(x) whose graph is a line through the origin with a non- 
zero slope m? 

38. Show that the graph of the inverse of f(x) = mx + b, where m 
and b are constants and m # 0, is a line with slope 1/m and 
y-intercept —b/m. 

39. a. Find the inverse of f(x) = x + 1. Graph f and its inverse 
together. Add the line y = x to your sketch, drawing it with 
dashes or dots for contrast. 

b. Find the inverse of f(x) = x + b (b constant). How is the 
graph of f | related to the graph of f? 

c. What can you conclude about the inverses of functions whose 
graphs are lines parallel to the line y = x? 

40. a. Find the inverse of f(x) =~—x+ 1. Graph the line 
y = —x + 1 together with the line y = x. At what angle do 
the lines intersect? 

b. Find the inverse of f(x) = —x + b (b constant). What angle 
does the line y = —x + b make with the line y = x? 

c. What can you conclude about the inverses of functions whose 
graphs are lines perpendicular to the line y = x? 


Logarithms and Exponentials 
41. Express the following logarithms in terms of In 2 and In 3. 


a. In 0.75 b. In (4/9) 
ce. In (1/2) d. Inv 


e. In3V2 f. nVi3.5 
42. Express the following logarithms in terms of In 5 and In 7. 

a. In (1/125) b. In 9.8 

ec. In7V7 d. In 1225 

e. In 0.056 f. (In35 + In(1/7))/dn25) 
Use the properties of logarithms to write the expressions in Exercises 
43 and 44 as a single term. 

sin 6 


43. a. Insin@ — in( S22) 


5 b. In(3x? — 9x) + In (3) 


3x 
di dak 
c. qin (4r") — Inb 


44. a. Insec @ + Incos 0 


ce 3nVP — 1 - Int + 1) 


Find simpler expressions for the quantities in Exercises 45-48. 


b. In(8x + 4) — 2Inc 


45. a. en? b. eon c. einsciny 
46. a. elnPty) b. en03 ce. einms-in2 
47. a. 2InVe b. In(Ine*) ce. In(e*-”) 
48. a. In(e*) b. In(e@”) c. In(e2!") 


In Exercises 49-54, solve for y in terms of t or x, as appropriate. 
49, Iny = 2r+ 4 50. Iny = -t+5 

51. In(@y — b) = 5t 52. In(c — 2y) =t 

53. In(y — 1) — In2 = x + Inx 

54. In(Qy? — 1) — Ing + 1) = In(sin x) 


In Exercises 55 and 56, solve for k. 


55.a, ek = 4 b. 100e!%* = 200 c. ek/1000 = g 
56. a. ek = ‘ b. 80e% = 1 c. elln0.89k — 0.8 


In Exercises 57—60, solve for t. 


57. a. 603 = 27 b. et = ce. eln0.2t = 9.4 
58. a. 6° = 1000 ob. et = 1 c. cone = 1 
10 2 

59, eV = x? 60. eVe2Bt) = 
Simplify the expressions in Exercises 61-64. 
61. a. 50857 b. glogsV2 ec. 1.3!081375 

d. log,16 e. log; V3 f. tozs() 
62. a, 2!0%3 b. 10!°g:0(1/2) c. 77!8x7 

d. log, 121 e. logy, 11 f. tozs(5) 
63. a, lex b. gloss c. log, (esi 9) 
64. a. 25 logs 3x") b. log, (e’) c. log, (2°58) 


Express the ratios in Exercises 65 and 66 as ratios of natural loga- 
rithms and simplify. 


logsx logs x log.a 
i he Go 
log3x loggx logy.a 
loggx lo x log,b 
66. a, © ee ee 
log3x logyzx log,a 


Arcsine and Arccosine 
In Exercises 67—70, find the exact value of each expression. 


.4f=l __ (-V3 
4 “1 
67. a. sin (3) b. c. sin ( 5) ) 


68. a. cos! (4) b. 


69. a. arccos (—1) b. 


~(Z) 


arccos (0) 


. . 1 
70. a. arcsin (—1) b. arcsin (- s.) 
V2 

Theory and Examples 

71. If f(x) is one-to-one, can anything be said about g(x) = — f(x)? Is 
it also one-to-one? Give reasons for your answer. 

72. If f(x) is one-to-one and f(x) is never zero, can anything be said 
about h(x) = 1/f(x)? Is it also one-to-one? Give reasons for your 
answer. 


73. Suppose that the range of g lies in the domain of f so that the 
composite f° g is defined. If f and g are one-to-one, can any- 


thing be said about f ° g? Give reasons for your answer. 


74. 


75. 


76. 


77. 


78. 


83. 


84. 


. The equation x? = 2* has three solutions: x = 2, x = 
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1.6 Inverse Functions and Logarithms 


If a composite f ° g is one-to-one, must g be one-to-one? Give 
reasons for your answer. 


Find a formula for the inverse function f~! and verify that 
(Peg = Fe i) =x 


100 50 


{OO Tee De MOL rae tars 


The identity sint'x + cos!x = w/2 Figure 1.71 establishes 
the identity for 0 < x < 1. To establish it for the rest of [—1, 1], 
verify by direct calculation that it holds for x = 1, 0, and —1. 
Then, for values of x in (—1, 0), let x = —a,a > 0, and apply 
Eggs. (3) and (5) to the sum sin !(—a) + cos! (—a). 


Start with the graph of y = Inx. Find an equation of the graph 
that results from 


a. shifting down 3 units. 

b. shifting right 1 unit. 

c. shifting left 1, up 3 units. 

d. shifting down 4, right 2 units. 
e. reflecting about the y-axis. 

f. reflecting about the line y = x. 


Start with the graph of y = Inx. Find an equation of the graph 
that results from 


a. vertical stretching by a factor of 2. 

b. horizontal stretching by a factor of 3. 

c. vertical compression by a factor of 4. 
d. horizontal compression by a factor of 2. 


4, and one 
other. Estimate the third solution as accurately as you can by 
graphing. 


. Could x'"? possibly be the same as 2'"* for x > 0? Graph the 


two functions and explain what you see. 


. Radioactive decay The half-life of a certain radioactive sub- 


stance is 12 hours. There are 8 grams present initially. 


a. Express the amount of substance remaining as a function of 
time t. 


b. When will there be 1 gram remaining? 


. Doubling your money Determine how much time is required 


for a $500 investment to double in value if interest is earned at the 
rate of 4.75% compounded annually. 


Population growth The population of Glenbrook is 375,000 
and is increasing at the rate of 2.25% per year. Predict when the 
population will be 1 million. 


Radon-222 The decay equation for radon-222 gas is known to 
be y = yoe °!8', with t in days. About how long will it take the 
radon in a sealed sample of air to fall to 90% of its original value? 


54 


Chapter 1: Functions 


Chapter 1 Questions to Guide Your Review 


1. 


10. 


11. 


12. 


13. 


14. 


What is a function? What is its domain? Its range? What is an 
arrow diagram for a function? Give examples. 


. What is the graph of a real-valued function of a real variable? 


What is the vertical line test? 


. What is a piecewise-defined function? Give examples. 


. What are the important types of functions frequently encountered 


in calculus? Give an example of each type. 


. What is meant by an increasing function? A decreasing function? 


Give an example of each. 


. What is an even function? An odd function? What symmetry 


properties do the graphs of such functions have? What advantage 
can we take of this? Give an example of a function that is neither 
even nor odd. 


. If f and g are real-valued functions, how are the domains of 


f+e.f —9,fg, and f/g related to the domains of f and g? 
Give examples. 


. When is it possible to compose one function with another? Give 


examples of composites and their values at various points. Does 
the order in which functions are composed ever matter? 


. How do you change the equation y = f(x) to shift its graph verti- 


cally up or down by |k| units? Horizontally to the left or right? 
Give examples. 


How do you change the equation y = f(x) to compress or stretch 
the graph by a factor c > 1? Reflect the graph across a coordi- 
nate axis? Give examples. 


What is radian measure? How do you convert from radians to 
degrees? Degrees to radians? 

Graph the six basic trigonometric functions. What symmetries do 
the graphs have? 

What is a periodic function? Give examples. What are the periods 
of the six basic trigonometric functions? 


Starting with the identity sin? @ + cos? @ = 1 and the formulas 
for cos (A + B) and sin(A + B), show how a variety of other 
trigonometric identities may be derived. 


Chapter fj Practice Exercises 


Functions and Graphs 


1. 


Express the area and circumference of a circle as functions of the 
circle’s radius. Then express the area as a function of the 
circumference. 


. Express the radius of a sphere as a function of the sphere’s sur- 


face area. Then express the surface area as a function of the 
volume. 


. A point P in the first quadrant lies on the parabola y = x’. 


Express the coordinates of P as functions of the angle of inclina- 
tion of the line joining P to the origin. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


How does the formula for the general sine function f(x) = 
Asin ((27r/B)(x — C)) + D relate to the shifting, stretching, 
compressing, and reflection of its graph? Give examples. 
Graph the general sine curve and identify the constants A, B, 
C, and D. 


Name three issues that arise when functions are graphed using a 
calculator or computer with graphing software. Give examples. 


What is an exponential function? Give examples. What laws of 
exponents does it obey? How does it differ from a simple power 
function like f(x) = x”? What kind of real-world phenomena are 
modeled by exponential functions? 


What is the number e, and how is it defined? What are the domain 
and range of f(x) = e*? What does its graph look like? How do 
the values of e* relate to x2, x3, and so on? 


What functions have inverses? How do you know if two func- 
tions f and g are inverses of one another? Give examples of func- 
tions that are (are not) inverses of one another. 


How are the domains, ranges, and graphs of functions and their 
inverses related? Give an example. 


What procedure can you sometimes use to express the inverse of 
a function of x as a function of x? 


What is a logarithmic function? What properties does it satisfy? 
What is the natural logarithm function? What are the domain and 
range of y = Inx? What does its graph look like? 


How is the graph of log, x related to the graph of In x? What truth 
is in the statement that there is really only one exponential func- 
tion and one logarithmic function? 

How are the inverse trigonometric functions defined? How can 
you sometimes use right triangles to find values of these func- 
tions? Give examples. 


. A hot-air balloon rising straight up from a level field is tracked by 


a range finder located 500 ft from the point of liftoff. Express the 
balloon’s height as a function of the angle the line from the range 
finder to the balloon makes with the ground. 


In Exercises 5—8, determine whether the graph of the function is sym- 
metric about the y-axis, the origin, or neither. 


5. y = xls 
Ty=x?-2x-1 


6. y = 92/5 
8 y=e™ 


In Exercises 9-16, determine whether the function is even, odd, or 
neither. 


9 y=xr4+1 10. y=xr—-x-<x 


11. y= 1 —-cosx 12. y = sec x tanx 
4 

13, y= 2) 14. y =x — sinx 
Xe = 2x 

15. y=x+ cosx 16. y = xcosx 


17. Suppose that f and g are both odd functions defined on the entire 
real line. Which of the following (where defined) are even? odd? 
a. fg b. f? c. f(sin x) d. g(sec x) e. |g 

18. If f(a — x) = f(a + x), show that g(x) = f(x + a) is an even 
function. 


In Exercises 19-28, find the (a) domain and (b) range. 


19. y = |x| -—2 20. y=-2+ VI-x 
21. y= V16 — x2 22. y=3?*41 

23. y = 2e* — 3 24. y = tan (2x — 77) 
25. y = 2sin(3x + 7) -— 1 26. y = 2/5 

27. y=In - 3) + 1 2%. y=-1+ W2—x 


29. State whether each function is increasing, decreasing, or neither. 
a. Volume of a sphere as a function of its radius 
b. Greatest integer function 


c. Height above Earth’s sea level as a function of atmospheric 
pressure (assumed nonzero) 


d. Kinetic energy as a function of a particle’s velocity 

30. Find the largest interval on which the given function is increasing. 
a. f(x) = |x — 2) + 1 b. f(@~) = («+ 1) 
ce gx) = Bx — D2 d. Rx) = V2x — 1 


Piecewise-Defined Functions 
In Exercises 31 and 32, find the (a) domain and (b) range. 


Ai y= {Vr -4=x=0 
a Vx, O<xs4 
=e = 2. —2=x=s-1 
32. y= x, -l<xs1 
—x + 2, 1l<xs2 


In Exercises 33 and 34, write a piecewise formula for the function. 


33. Y 34. y 

, sl (2, 5) 

>X 
0 1 2 
>X 
0 4 

Composition of Functions 
In Exercises 35 and 36, find 

a. (fog)(Cl). b. (g¢° f) (2). 

c. (f° f)(). d. (g¢° g) (x). 
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1 1 

35. — ————— 
ae a Vx +2 

36. fM=2-x, ew=Vxt1 


In Exercises 37 and 38, (a) write formulas for f ° g and go f and find 
the (b) domain and (c) range of each. 


37. f@M=2-x%, ga = Vxt+2 

38. fy = Vx, ex) = VI-x 

For Exercises 39 and 40, sketch the graphs of f and f ° f. 
ay = 2.0 =A x= =] 

39. fx) = 4-1, -l<xsl 
Xd, 1<x=2 

ao. soy ={t*! —2<=x<0 
x=, O<x=<=2 


Composition with absolute values In Exercises 41-48, graph f; 
and f, together. Then describe how applying the absolute value func- 
tion in f, affects the graph of f;. 


fie) Fr(x) 


41. x x| 

42. x? x|? 
43. x3 x3| 

44. x +x x + x| 
45. 4 -— 7 4 — x| 

1 1 

46. = Ie 

47. Vx Vix) 
48. sin x sin |x| 


Shifting and Scaling Graphs 

49. Suppose the graph of g is given. Write equations for the graphs 
that are obtained from the graph of g by shifting, scaling, or 
reflecting, as indicated. 


a. Up 5 unit, right 3 


b. Down 2 units, left - 


c. Reflect about the y-axis 
d. Reflect about the x-axis 
e. Stretch vertically by a factor of 5 
f. Compress horizontally by a factor of 5 
50. Describe how each graph is obtained from the graph of y = f(x). 
a. y = f(x — 5) b. y = f(4x) 
ce y = f(—3x) d. y = f(2x + 1) 


e y=s(8) -4 


f y = —3f(x) + t 


67. 


68. 
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In Exercises 51-54, graph each function, not by plotting points, but by 
starting with the graph of one of the standard functions presented in 
Figures 1.15—1.17, and applying an appropriate transformation. 


aoe x = es 
51. y= 1+ > 52. y= 1 3 
53. y= - 1 54. y = (—Sx)!/3 
2x 


Trigonometry 
In Exercises 55-58, sketch the graph of the given function. What is 
the period of the function? 


55. y = cos 2x 56. y = sin> 


57. sin 7x 58. } 


< 
ll 


59. Sketch the graph y = 2cos (: = t), 


60. Sketch the graph y = 1 + sin (: + t). 


In Exercises 61-64, ABC is a right triangle with the right angle at C. 
The sides opposite angles A, B, and C are a, b, and c, respectively. 


61. a. Finda and bif c = 2,B = 7/3. 
b. Finda andc if b = 2,B = 7/3. 
62. a. Express a in terms of A and c. 
b. Express a in terms of A and b. 
63. a. Express a in terms of B and b. 
b. Express c in terms of A and a. 
64. a. Express sin A in terms of a and c. 
b. Express sin A in terms of b and c. 


65. Height of a pole Two wires stretch from the top T of a vertical 
pole to points B and C on the ground, where C is 10 m closer to 
the base of the pole than is B. If wire BT makes an angle of 35° 
with the horizontal and wire CT makes an angle of 50° with the 
horizontal, how high is the pole? 


66. Height of a weather balloon Observers at positions A and B 
2 km apart simultaneously measure the angle of elevation of a 
weather balloon to be 40° and 70°, respectively. If the balloon is 
directly above a point on the line segment between A and B, find 
the height of the balloon. 


Graph the function f(x) = sinx + cos(x/2). 
What appears to be the period of this function? 
Confirm your finding in part (b) algebraically. 
Graph f(x) = sin (1/x). 


What are the domain and range of f? 


oe OR ee me 


Is f periodic? Give reasons for your answer. 


Transcendental Functions 
In Exercises 69-72, find the domain of each function. 


69. 
70. 


71. 


72. 
73. 


74. 


a. 
76. 
97. 


78. 


b. g(x) = e+ inVvx 
b. g(x) = Inf4 — x°| 


a. f(x) = 1+ eine 
a. f(x) = el/* 


a. h(x) = sin-*(4) 


a. h(x) = In (cos! x) b. f@® = 


If f(y) =Inx and g(x) =4-2x°, find the 
fog. gef.f°f.g°g, and their domains. 


b. f(x) = cos (Vx — 1) 


aw — sin !x 


functions 


Determine whether f is even, odd, or neither. 

a. f(x) = e™ b. f(x) = 1 + sin" (-x) 

c. f(x) = |e| d. f(x) = em hit! 

Graph In x, In 2x, In 4x, In 8x, and In 16x (as many as you can) 
together for 0 < x = 10. What is going on? Explain. 

Graph y = In(x? + c) for c = —4,—2, 0, 3, and 5. How does the 
graph change when c changes? 


Graph y = In|sin x| in the window 0 <= x = 22,-2<y<0. 
Explain what you see. How could you change the formula to turn 
the arches upside down? 


Graph the three functions y = x*,y = a‘, and y = log,x to- 
gether on the same screen for a = 2, 10, and 20. For large values 
of x, which of these functions has the largest values and which 
has the smallest values? 


Theory and Examples 


In Exercises 79 and 80, find the domain and range of each composite 
function. Then graph the composites on separate screens. Do the 
graphs make sense in each case? Give reasons for your answers and 
comment on any differences you see. 


b. y 


b. y = cos (cos ! x) 


sin (sin! x) 


ll 


79, a. y = sin |(sin x) 
80. a. y = cos !(cos x) 
81. Use a graph to decide whether f is one-to-one. 


fee = 3 


7 


b. fy) =x + 5 


82. Use a graph to find to 3 decimal places the values of x for which 


e* > 10,000,000. 
83. a. Show that f(x) = x° and g(x) = Wx are inverses of one 


another. 
T|b. Graph f and g over an x-interval large enough to show the 
graphs intersecting at (1, 1) and (—1, —-1). Be sure the picture 
shows the required symmetry in the line y = x. 
84. a. Show that h(x) = x°/4 and k(x) = (4x)'? are inverses of one 
another. 
T|b. Graph / and k over an x-interval large enough to show the 


graphs intersecting at (2, 2) and (—2, —2). Be sure the picture 
shows the required symmetry in the line y = x. 
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Chapter 1 Additional and Advanced Exercises 


Functions and Graphs b. Uniqueness Show that there is only one way to write f as 
1. Are there two functions f and g such that f° g = go f? Give the sum of an even and an odd function. (Hint: One way is 
reasons for your answer. given in part (a). If also f(x) = E,(x) + O,(x) where E, is 


even and O, is odd, show that E — E; = O, — O. Then use 


2. Are there two functions f and g with the following property? The : 
Exercise 11 to show that FE = E, and O = Oj.) 


graphs of f and g are not straight lines but the graph of f° g is a 


straight line. Give reasons for your answer. Effects of Parameters on Graphs 


3. If f(x) is odd, can anything be said of g(x) = f(x) — 2? Whatif f | T| 13. What happens to the graph of y = ax? + bx + cas 
is even instead? Give reasons for your answer. 


a. achanges while b and c remain fixed? 
4. If g(x) is an odd function defined for all values of x, can anything b. bchanges (a and c fixed, a ~ 0)? 


be said about g(0)? Give reasons for your answer. : 
c. c changes (a and b fixed, a # 0)? 


14, What happens to the graph of y = a(x + by? + cas 
a. achanges while b and c remain fixed? 


Derivations and Proofs b. b changes (a and c fixed, a # 0)? 
7. Prove the following identities. 


5. Graph the equation |x| + |y| = 1 + x. 
6. Graph the equation y + |y| =x + |x|. 


c. c changes (a and b fixed, a # 0)? 
1 — cosx sin x 1 — cosx ax 
snx  1l+cosx ° 1+ cosx ao Geometry 
15. An object’s center of mass moves at a constant velocity v along a 


straight line past the origin. The accompanying figure shows the 
coordinate system and the line of motion. The dots show posi- 


8. Explain the following “proof without words” of the law of cosines. 
(Source: Kung, Sidney H., “Proof Without Words: The Law of 
Cosines,” Mathematics Magazine, Vol. 63, no. 5, Dec. 1990, p. 342.) 


tions that are 1 sec apart. Why are the areas A;, Ao, ..., As in the 
figure all equal? As in Kepler’s equal area law (see Section 13.6), 

ae, the line that joins the object’s center of mass to the origin sweeps 
out equal areas in equal times. 


Yor 


9. Show that the area of triangle ABC is given by 8 
(1/2)absin C = (1/2)be sin A = (1/2)ca sin B. E 
1 
b a 
>X 
0 5 10 15 
Kilometers 
A B 


? 16. a. Find the slope of the line from the origin to the midpoint P of 


10. Show that the area of triangle ABC is given by side AB in the triangle in the accompanying figure (a, b > 0). 
Vs(s — ais — b)\(s — c) where s = (a + b + c)/2 is the 
semiperimeter of the triangle. 


11. Show that if f is both even and odd, then f(x) = 0 for every x in 


y 


the domain of f. B(O, b) 
12. a. Even-odd decompositions Let f be a function whose 
domain is symmetric about the origin, that is, —x belongs to P 


the domain whenever x does. Show that f is the sum of an 
even function and an odd function: 


fx) = EQ) + O}), 


where E is an even function and O is an odd function. (Hint: b. When is OP perpendicular to AB? 
Let E(x) = (f(x) + f(—x))/2. Show that E(—x) = E(x), so 
that E is even. Then show that O(x) = f(x) — E(x) is odd.) 


>X 
O A(a, 0) 
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17. Consider the quarter-circle of radius | and right triangles ABE 
and ACD given in the accompanying figure. Use standard area 
formulas to conclude that 


1. 0 1 sin é 
7 Sin 6 cos 6 < 5) < 2 cos 6° 


>< 


(0, 1) 


A E (1,0) 


18. Let f(x) = ax + b and g(x) = cx + d. What condition must be 
satisfied by the constants a, b, c, d in order that (f° g)(x) = 
(g° f)(x) for every value of x? 


Theory and Examples 
19. Domain and range Suppose that a # 0,b # 1, and b> 0. 
Determine the domain and range of the function. 


a y=a(b“)+d 
20. Inverse functions Let 


b. y = alog,(x —c) +d 


ax + b 


cet a’ cx 0, 


f(x) = ad — bc # 0. 


a. Give a convincing argument that f is one-to-one. 
b. Find a formula for the inverse of f. 


21. Depreciation Smith Hauling purchased an 18-wheel truck for 
$100,000. The truck depreciates at the constant rate of $10,000 
per year for 10 years. 


a. Write an expression that gives the value y after x years. 
b. When is the value of the truck $55,000? 


22. Drug absorption A drug is administered intravenously for 
pain. The function 


f@® = 90 — 52In(1 + 9, Osrs4 


gives the number of units of the drug remaining in the body after t 
hours. 


a. What was the initial number of units of the drug administered? 
b. How much is present after 2 hours? 
c. Draw the graph of f. 


23. Finding investment time If Juanita invests $1500 in a retire- 
ment account that earns 8% compounded annually, how long will 
it take this single payment to grow to $5000? 


24. The rule of 70 If you use the approximation In 2 ~ 0.70 (in 
place of 0.69314... ), you can derive a rule of thumb that says, 
“To estimate how many years it will take an amount of money to 
double when invested at r percent compounded continuously, 
divide r into 70.” For instance, an amount of money invested at 
5% will double in about 70/5 = 14 years. If you want it to dou- 
ble in 10 years instead, you have to invest it at 70/10 = 7%. 
Show how the rule of 70 is derived. (A similar “rule of 72” uses 
72 instead of 70, because 72 has more integer factors.) 


25. For what x > 0 does x) = (x*)"? Give reasons for your answer. 


[T]26. a. If (Inx)/x = (In2)/2, must x = 2? 


b. If (nx)/x = —21n2, must x = 1/2? 
Give reasons for your answers. 


27. The quotient (log,x)/(log)x) has a constant value. What value? 
Give reasons for your answer. 


[T] 28. log, (2) vs. log,(x) How does f(x) = log,(2) compare with 


g(x) = log, (x)? Here is one way to find out. 


a. Use the equation log,b = (Inb)/(Ina) to express f(x) and 
g(x) in terms of natural logarithms. 


b. Graph f and g together. Comment on the behavior of f in 
relation to the signs and values of g. 


Chapter ey Technology Application Projects 


An Overview of Mathematica 


An overview of Mathematica sufficient to complete the Mathematica modules appearing on the Web site. 


Mathematica/Maple Module: 


Modeling Change: Springs, Driving Safety, Radioactivity, Trees, Fish, and Mammals 


Construct and interpret mathematical models, analyze and improve them, and make predictions using them. 


Limits and Continuity 


OVERVIEW Mathematicians of the seventeenth century were keenly interested in the 
study of motion for objects on or near the earth and the motion of planets and stars. This 
study involved both the speed of the object and its direction of motion at any instant, and 
they knew the direction at a given instant was along a line tangent to the path of motion. 
The concept of a limit is fundamental to finding the velocity of a moving object and the 
tangent to a curve. In this chapter we develop the limit, first intuitively and then formally. 
We use limits to describe the way a function varies. Some functions vary continuously; 
small changes in x produce only small changes in f(x). Other functions can have values 
that jump, vary erratically, or tend to increase or decrease without bound. The notion of 
limit gives a precise way to distinguish between these behaviors. 


2 ‘ 1 Rates of Change and Tangents to Curves 


HISTORICAL BIOGRAPHY* 
Galileo Galilei 


(1564-1642) 


Calculus is a tool that helps us understand how a change in one quantity is related to a 
change in another. How does the speed of a falling object change as a function of time? 
How does the level of water in a barrel change as a function of the amount of liquid poured 
into it? We see change occurring in nearly everything we observe in the world and universe, 
and powerful modern instruments help us see more and more. In this section we introduce 
the ideas of average and instantaneous rates of change, and show that they are closely 
related to the slope of a curve at a point P on the curve. We give precise developments of 
these important concepts in the next chapter, but for now we use an informal approach so 
you will see how they lead naturally to the main idea of this chapter, the limit. The idea of 
a limit plays a foundational role throughout calculus. 


Average and Instantaneous Speed 


In the late sixteenth century, Galileo discovered that a solid object dropped from rest (not 
moving) near the surface of the earth and allowed to fall freely will fall a distance proportional 
to the square of the time it has been falling. This type of motion is called free fall. It assumes 
negligible air resistance to slow the object down, and that gravity is the only force acting on 
the falling object. If y denotes the distance fallen in feet after t seconds, then Galileo’s law is 
y = 162, 

where 16 is the (approximate) constant of proportionality. (If y is measured in meters, the 
constant is 4.9.) 

A moving object’s average speed during an interval of time is found by dividing the 
distance covered by the time elapsed. The unit of measure is length per unit time: kilome- 
ters per hour, feet (or meters) per second, or whatever is appropriate to the problem at hand. 


*To learn more about the historical figures mentioned in the text and the development of many major 
elements and topics of calculus, visit www.aw.com/thomas. 
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EXAMPLE 1 A rock breaks loose from the top of a tall cliff. What is its average speed 


(a) during the first 2 sec of fall? 


(b) during the 1-sec interval between second | and second 2? 


Solution The average speed of the rock during a given time interval is the change in 
distance, Ay, divided by the length of the time interval, Art. (Increments like Ay and At 
are reviewed in Appendix 3, and pronounced “delta y” and “delta 7”) Measuring distance 
in feet and time in seconds, we have the following calculations: 


Ay _ 16(2)* — 16(0) ft 
(a) For the first 2 sec: AL 7-0 = 32966 
A 16(2)? — 16(1)? 
(b) From sec | to sec 2: x = ( m = @ = 48 at |_| 


We want a way to determine the speed of a falling object at a single instant 4, instead of 
using its average speed over an interval of time. To do this, we examine what happens 
when we calculate the average speed over shorter and shorter time intervals starting at {. 
The next example illustrates this process. Our discussion is informal here, but it will be 
made precise in Chapter 3. 


EXAMPLE 2 Find the speed of the falling rock in Example 1 at t = 1 and t = 2sec. 


Solution We can calculate the average speed of the rock over a time interval [| %, 4 + h], 
having length At = A, as 


Ay 16(% + hy a 16%? 
At h , () 


We cannot use this formula to calculate the “instantaneous” speed at the exact moment f 
by simply substituting h = 0, because we cannot divide by zero. But we can use it to cal- 
culate average speeds over increasingly short time intervals starting at 4 = 1 and f% = 2. 
When we do so, by taking smaller and smaller values of h, we see a pattern (Table 2.1). 


TABLE 2.1 Average speeds over short time intervals [ f, tf + A] 

A a Ay 16(% + hy _ 1667 

verage speed: 7 = h 

Length of Average speed over Average speed over 
time interval interval of length h interval of length h 
h starting at % = 1 starting at & = 2 
1 48 80 
0.1 33.6 65.6 
0.01 32.16 64.16 
0.001 32.016 64.016 
0.0001 32.0016 64.0016 


The average speed on intervals starting at f = 1 seems to approach a limiting value 
of 32 as the length of the interval decreases. This suggests that the rock is falling at a speed 
of 32 ft/sec at t = 1 sec. Let’s confirm this algebraically. 


0 


FIGURE 2.1 A secant to the graph 
y = f(x). Its slope is Ay/Ax, the 
average rate of change of f over the 
interval [x, x]. 


FIGURE 2.2 Lis tangent to the 
circle at P if it passes through P 
perpendicular to radius OP. 
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If we set f) = 1 and then expand the numerator in Equation (1) and simplify, we find 
that 


Ay 16(1+ A)? — 1611)? 16(1 + 2h + hh?) — 16 
At h = h 


_ 32h + 1612 


h = 32 + 16h. 


For values of h different from 0, the expressions on the right and left are equivalent and the 
average speed is 32 + 16h ft/sec. We can now see why the average speed has the limiting 
value 32 + 16(0) = 32 ft/sec as h approaches 0. 

Similarly, setting 4; = 2 in Equation (1), the procedure yields 


a) rade) 

At 
for values of h different from 0. As h gets closer and closer to 0, the average speed has the 
limiting value 64 ft/sec when 4 = 2sec, as suggested by Table 2.1. | 


The average speed of a falling object is an example of a more general idea which we 
discuss next. 


Average Rates of Change and Secant Lines 


Given any function y = f(x), we calculate the average rate of change of y with respect to 
x over the interval [x,, x,] by dividing the change in the value of y, Ay = f(x) — f(x), 
by the length Ax = x, — x, = A of the interval over which the change occurs. (We use 
the symbol / for Ax to simplify the notation here and later on.) 


DEFINITION The average rate of change of y = f(x) with respect to x over the 
interval [x,, x.] is 


Ay _ f0a) — fo) _ for +) — fad 


Ax X2 — Xy h 


h# 0. 


Geometrically, the rate of change of f over [x,, x] is the slope of the line through the 
points P(x,, f(x,)) and Q(%, f(x)) (Figure 2.1). In geometry, a line joining two points of a 
curve is a secant to the curve. Thus, the average rate of change of f from x, to x, is identi- 
cal with the slope of secant PQ. Let’s consider what happens as the point Q approaches the 
point P along the curve, so the length h of the interval over which the change occurs 
approaches zero. We will see that this procedure leads to defining the slope of a curve at a 
point. 


Defining the Slope of a Curve 


We know what is meant by the slope of a straight line, which tells us the rate at which it 
rises or falls—its rate of change as a linear function. But what is meant by the slope of a 
curve at a point P on the curve? If there is a tangent line to the curve at P—a line that just 
touches the curve like the tangent to a circle—it would be reasonable to identify the slope 
of the tangent as the slope of the curve at P. So we need a precise meaning for the tangent 
at a point on a curve. 

For circles, tangency is straightforward. A line L is tangent to a circle at a point P if L 
passes through P perpendicular to the radius at P (Figure 2.2). Such a line just touches the 
circle. But what does it mean to say that a line L is tangent to some other curve C at a point P? 
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HISTORICAL BIOGRAPHY 
Pierre de Fermat 


(1601-1665) 


To define tangency for general curves, we need an approach that takes into account 
the behavior of the secants through P and nearby points Q as Q moves toward P along the 
curve (Figure 2.3). Here is the idea: 


1. Start with what we can calculate, namely the slope of the secant PQ. 


2. Investigate the limiting value of the secant slope as Q approaches P along the curve. 
(We clarify the limit idea in the next section.) 


3. If the limit exists, take it to be the slope of the curve at P and define the tangent to the 
curve at P to be the line through P with this slope. 


This procedure is what we were doing in the falling-rock problem discussed in Example 2. 
The next example illustrates the geometric idea for the tangent to a curve. 


Tangent 


c a 
IX 


Secants 


Tangent YZ 


FIGURE 2.3 The tangent to the curve at P is the line through P whose slope is the limit of 
the secant slopes as Q — P from either side. 


EXAMPLE 3 Find the slope of the parabola y = x? at the point P(2, 4). Write an 
equation for the tangent to the parabola at this point. 


Solution We begin with a secant line through P(2, 4) and Q(2 + h, (2 + h)’) nearby. 
We then write an expression for the slope of the secant PQ and investigate what happens to 
the slope as Q approaches P along the curve: 


euieg= oe Ss ae 
pe Ax h h 


_ We + 4h _ 
h 


h+ 4, 


If h > 0, then Q lies above and to the right of P, as in Figure 2.4. If h < 0, then Q lies to the 
left of P (not shown). In either case, as Q approaches P along the curve, h approaches zero 
and the secant slope h + 4 approaches 4. We take 4 to be the parabola’s slope at P. 


=h+4. 


uN = 52 2. 
yur Secant slope is ae 
h 


NOT TO SCALE 


FIGURE 2.4 Finding the slope of the parabola y = x? at the point P(2, 4) as 
the limit of secant slopes (Example 3). 
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The tangent to the parabola at P is the line through P with slope 4: 
y=4+ 4a - 2) Point-slope equation 
y=4x-4. a 


Instantaneous Rates of Change and Tangent Lines 


The rates at which the rock in Example 2 was falling at the instants t = | and t = 2 are 
called instantaneous rates of change. Instantaneous rates and slopes of tangent lines are 
closely connected, as we see in the following examples. 


EXAMPLE 4 Figure 2.5 shows how a population p of fruit flies (Drosophila) grew 
in a 50-day experiment. The number of flies was counted at regular intervals, the counted 
values plotted with respect to time f, and the points joined by a smooth curve (colored blue 
in Figure 2.5). Find the average growth rate from day 23 to day 45. 


Solution There were 150 flies on day 23 and 340 flies on day 45. Thus the number of 
flies increased by 340 — 150 = 190 in 45 — 23 = 22 days. The average rate of change 
of the population from day 23 to day 45 was 


Ap _ 340 — 150 _ 190 
At 45 — 23 22 


Average rate of change: = 8.6 flies /day. 


Ap 


Aa =~ 8.6 flies/day 


Number of flies 


>t 


0 10 20 30 40 50 
Time (days) 


FIGURE 2.5 Growth of a fruit fly population in a controlled 
experiment. The average rate of change over 22 days is the slope 
Ap/ At of the secant line (Example 4). 


This average is the slope of the secant through the points P and Q on the graph in 
Figure 2.5. 


The average rate of change from day 23 to day 45 calculated in Example 4 does not 
tell us how fast the population was changing on day 23 itself. For that we need to examine 
time intervals closer to the day in question. 


EXAMPLE 5 How fast was the number of flies in the population of Example 4 grow- 
ing on day 23? 


Solution To answer this question, we examine the average rates of change over increas- 
ingly short time intervals starting at day 23. In geometric terms, we find these rates by 
calculating the slopes of secants from P to Q, for a sequence of points Q approaching P 
along the curve (Figure 2.6). 
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Q 


(45, 340) 


(40, 330) 


(35, 310) 


(30, 265) 


Slope of PQ = Ap/At i B(35, 350) 
(flies / day) sd 0045, 340) 
340 — 150 _ 9¢ ee T | 
45-23 © = 250 
° 
330 — 150 _ ie 
a a 5 150 
310 — 150 100 
SES ie 438 
a5 = 23 50 
a3 ~ 164 0 10 20 30 40 a 


A(4,0) Time (days) 


FIGURE 2.6 The positions and slopes of four secants through the point P on the fruit fly graph (Example 5). 


Exercises 2.1 | 


Average Rates of Change 


In Exercises 1-6, find the average rate of change of the function over 


the given interval or intervals. 
1. fm =x4+1 
a. [2,3] 
2. ex) = x? — 2x 
a. [1,3] 
3. h(t) = cott 
a. [77/4, 37/4] 
4. g(t) = 2+ cost 


a. [0,7] 


. (1/6, 7/2] 4 


[—a, 7 | u 


The values in the table show that the secant slopes rise from 8.6 to 16.4 as the ¢-coordinate 
of Q decreases from 45 to 30, and we would expect the slopes to rise slightly higher as ¢ 
continued on toward 23. Geometrically, the secants rotate counterclockwise about P and 
seem to approach the red tangent line in the figure. Since the line appears to pass through 
the points (14, 0) and (35, 350), it has slope 


J50°= 0) : ; 
a5 16.7 flies /day (approximately). 
On day 23 the population was increasing at a rate of about 16.7 flies / day. Og 


The instantaneous rates in Example 2 were found to be the values of the average 
speeds, or average rates of change, as the time interval of length 4 approached 0. That is, 
the instantaneous rate is the value the average rate approaches as the length h of the inter- 
val over which the change occurs approaches zero. The average rate of change corre- 
sponds to the slope of a secant line; the instantaneous rate corresponds to the slope of the 
tangent line as the independent variable approaches a fixed value. In Example 2, the inde- 
pendent variable ¢ approached the values t = | and t = 2. In Example 3, the independent 
variable x approached the value x = 2. So we see that instantaneous rates and slopes of 
tangent lines are closely connected. We investigate this connection thoroughly in the next 
chapter, but to do so we need the concept of a limit. 


5. R(0) = V40+ 1; [0,2] 
6. P(6) = 63 — 462 + 50; [1,2] 


Slope of a Curve at a Point 


rp In Exercises 7-14, use the method in Example 3 to find (a) the slope 
et] 
of the curve at the given point P, and (b) an equation of the tangent 
: line at P. 
e [2] 7. y=x-5, P(2,-1) 


8 y=7- x7, P(2,3) 

y= x? — 2x — 3, P(2,-3) 
10. y = x? — 4x, P(1,-3) 
-y=x, P(2,8) 


12. y 
13. y 
14. y 


ll 


2—x3, P(1,1) 
=P aide Prat 
= x3 — 3x7 +4, P(2,0) 


Instantaneous Rates of Change 
15. Speed of a car The accompanying figure shows the time-to- 
distance graph for a sports car accelerating from a standstill. 


b. 


S 

A 

650 us 
600 


| ; /| 
500 Q 
400 05 


300 


Distance (m) 


Q, 


0 5 10 15 20 
Elapsed time (sec) 


Estimate the slopes of secants PQ,,PQ,,PQ3, and PQ,, 
arranging them in order in a table like the one in Figure 2.6. 
What are the appropriate units for these slopes? 


Then estimate the car’s speed at time t = 20sec. 


16. The accompanying figure shows the plot of distance fallen versus 
time for an object that fell from the lunar landing module a dis- 
tance 80 m to the surface of the moon. 


a. 


b. 


Estimate the slopes of the secants PQ), PQ», PQ3, and PQ,, 
arranging them in a table like the one in Figure 2.6. 


About how fast was the object going when it hit the surface? 


y 
Aa 


Distance fallen (m) 


0 5 10 
Elapsed time (sec) 


17. The profits of a small company for each of the first five years of 
its operation are given in the following table: 


a. 


Year Profit in $1000s 
2010 6 
2011 27 
2012 62 
2013 111 
2014 174 


Plot points representing the profit as a function of year, and 
join them by as smooth a curve as you can. 
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What is the average rate of increase of the profits between 
2012 and 2014? 


Use your graph to estimate the rate at which the profits were 
changing in 2012. 


18. Make a table of values for the function F(x) = (x + 2)/( — 2) 
at the points x = 1.2,x = 11/10, x = 101/100, x = 1001/1000, 
x = 10001/10000, and x = 1. 


19. 


20. 


21. 


a. 


b. 


Find the average rate of change of F(x) over the intervals 
[1,x] foreach x ~ 1 in your table. 


Extending the table if necessary, try to determine the rate of 
change of F(x) at x = 1. 


Let g(x) = Vx for x = 0. 


a. 


d. 


Find the average rate of change of g(x) with respect to x over 
the intervals [1,2], [1,1.5] and [1,1 +h]. 


Make a table of values of the average rate of change of g with 
respect to x over the interval [ 1, 1 + A] for some values of h 
approaching zero, say h = 0.1, 0.01, 0.001, 0.0001, 0.00001, 
and 0.000001. 


What does your table indicate is the rate of change of g(x) 
with respect to x at x = 1? 


Calculate the limit as h approaches zero of the average rate of 
change of g(x) with respect to x over the interval [1,1 + h]. 


Let f() = 1/t fort ¥ 0. 


a. 


Find the average rate of change of f with respect to t over the 
intervals (i) from ft = 2 to t = 3, and (ii) from t = 2 tot = T. 
Make a table of values of the average rate of change of f with 
respect to f over the interval [2,7], for some values of T 
approaching 2, say T = 2.1, 2.01, 2.001, 2.0001, 2.00001, 
and 2.000001. 


What does your table indicate is the rate of change of f with 
respect to fat t = 2? 


Calculate the limit as T approaches 2 of the average rate of 
change of f with respect to ¢ over the interval from 2 to T. You 
will have to do some algebra before you can substitute T = 2. 


The accompanying graph shows the total distance s traveled by a 
bicyclist after t hours. 


Ss 
A» 


Distance traveled (mi) 


>t 


Elapsed time (hr) 


Estimate the bicyclist’s average speed over the time intervals 
[0,1], [1, 2.5], and [2.5, 3.5]. 


Estimate the bicyclist’s instantaneous speed at the times tf = 5, 
t = 2, andt = 3. 


Estimate the bicyclist’s maximum speed and the specific time 
at which it occurs. 
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22. The accompanying graph shows the total amount of gasoline A in a. Estimate the average rate of gasoline consumption over the 
the gas tank of an automobile after being driven for f days. time intervals [0,3], [0,5], and [7, 10]. 
A 


Remaining amount (gal) 


b. Estimate the instantaneous rate of gasoline consumption at 
the times t = 1, = 4, andt = 8. 


c. Estimate the maximum rate of gasoline consumption and the 
specific time at which it occurs. 


>t 


0 12 3 4 5 67 8 9 10 


Elapsed time (days) 


2 2 Limit of a Function and Limit Laws 


HISTORICAL ESSAY 
Limits 


FIGURE 2.7 The graph of f is 
identical with the line y = x + 1 


except at x = 1, where f is not 
defined (Example 1). 


In Section 2.1 we saw that limits arise when finding the instantaneous rate of change of a 
function or the tangent to a curve. Here we begin with an informal definition of /imit and 
show how we can calculate the values of limits. A precise definition is presented in the 
next section. 


Limits of Function Values 


Frequently when studying a function y = f(x), we find ourselves interested in the func- 
tion’s behavior near a particular point c, but not at c. This might be the case, for instance, 
if c is an irrational number, like 7 or V2, whose values can only be approximated by 
“close” rational numbers at which we actually evaluate the function instead. Another situ- 
ation occurs when trying to evaluate a function at c leads to division by zero, which is 
undefined. We encountered this last circumstance when seeking the instantaneous rate of 
change in y by considering the quotient function Ay/h for h closer and closer to zero. 
Here’s a specific example in which we explore numerically how a function behaves near a 
particular point at which we cannot directly evaluate the function. 


EXAMPLE 1 How does the function 


xr - 1 
x—- 1 


f(x) = 
behave near x = 1? 


Solution The given formula defines f for all real numbers x except x = 1 (we cannot 
divide by zero). For any x # 1, we can simplify the formula by factoring the numerator 
and canceling common factors: 


@ — Dat 1 _ 


x= 


f(x) = xt+1 for x #1. 

The graph of f is the line y = x + 1 with the point (1, 2) removed. This removed point is 
shown as a “hole” in Figure 2.7. Even though f(1) is not defined, it is clear that we can make 
the value of f(x) as close as we want to 2 by choosing x close enough to | (Table 2.2). Oo 


TABLE 2.2 As x gets closer to 

1, f(x) gets closer to 2. 
x7-1 

x iO) ae 

0.9 1.9 

1.1 21 

0.99 1.99 

1.01 2.01 

0.999 1.999 

1.001 2.001 

0.999999 1.999999 

1.000001 2.000001 


(a) Identity function 


y 

A 

k yak 

SSS eee 

I 
| 
| 
| 

r a >Xx 


(b) Constant function 


FIGURE 2.9 The functions in 


Example 3 have limits at all points c. 
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Generalizing the idea illustrated in Example 1, suppose f(x) is defined on an open 
interval about c, except possibly at c itself. If f(x) is arbitrarily close to the number L (as 
close to L as we like) for all x sufficiently close to c, we say that f approaches the limit L 
as x approaches c, and write 


lim f(x) = L, 


which is read “the limit of f(x) as x approaches c is L.” For instance, in Example | we 
would say that f(x) approaches the Jimit 2 as x approaches 1, and write 


lim f(x) = 2, or lim = 2: 


Essentially, the definition says that the values of f(x) are close to the number L whenever x 
is close to c (on either side of c). 

Our definition here is “informal” because phrases like arbitrarily close and sufficiently close 
are imprecise; their meaning depends on the context. (To a machinist manufacturing a piston, 
close may mean within a few thousandths of an inch. To an astronomer studying distant galaxies, 
close may mean within a few thousand light-years.) Nevertheless, the definition is clear enough to 
enable us to recognize and evaluate limits of many specific functions. We will need the precise 
definition given in Section 2.3, however, when we set out to prove theorems about limits or study 
complicated functions. Here are several more examples exploring the idea of limits. 


EXAMPLE 2 The limit value of a function does not depend on how the function 
is defined at the point being approached. Consider the three functions in Figure 2.8. The 
function f has limit 2 as x | even though f is not defined at x = 1. The function g has 
limit 2 as x > 1 even though 2 ¥ g(1). The function h is the only one of the three 
functions in Figure 2.8 whose limit as x > 1 equals its value at x = 1. For h, we have 
lim,.,; (x) = A(1). This equality of limit and function value is of special importance, and 
we return to it in Section 2.5. Oo 


x2-1 


x 


2 4 yoy? ee! 
a (b) g@) = 4 ° 
ile x=1 


(a) f@) = 


FIGURE 2.8 The limits of f(x), g(x), and h(x) all equal 2 as x approaches 1. However, only h(x) 
has the same function value as its limit at x = 1 (Example 2). 


EXAMPLE 3 
(a) If f is the identity function f(x) = x, then for any value of c (Figure 2.9a), 


lim f(x) = lim x =. 
(b) If f is the constant function f(x) = k (function with the constant value k), then for 
any value of c (Figure 2.9b), 


lim f(x) = lim k = k. 
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For instances of each of these rules we have 


lim x = 3 and lim, (4) = lim (4) = 4. 


x33 


We prove these rules in Example 3 in Section 2.3. a 


A function may not have a limit at a particular point. Some ways that limits can fail to 
exist are illustrated in Figure 2.10 and described in the next example. 


(a) Unit step function U(x) (b) g(x) (c) f(x) 


FIGURE 2.10 None of these functions has a limit as x approaches 0 (Example 4). 


EXAMPLE 4 Discuss the behavior of the following functions, explaining why they 
have no limit as x > 0. 


@ UG) = “ x<0 
. es 1, x20 
a x40 
(b) g(x) = 
0, x=0 
<0 
© f=4o 
sinz, x >0 
Solution 


(a) It jumps: The unit step function U(x) has no limit as x — 0 because its values jump 
at x = 0. For negative values of x arbitrarily close to zero, U(x) = 0. For positive 
values of x arbitrarily close to zero, U(x) = 1. There is no single value L approached 
by U(x) as x > 0 (Figure 2.10a). 

(b) It grows too “large” to have a limit: g(x) has no limit as x — 0 because the values of 
g grow arbitrarily large in absolute value as x — 0 and do not stay close to any fixed 
real number (Figure 2.10b). We say the function is not bounded. 

(c) It oscillates too much to have a limit: f(x) has no limit as x — 0 because the func- 
tion’s values oscillate between +1 and —1 in every open interval containing 0. The 
values do not stay close to any one number as x — 0 (Figure 2.10c). Oo 
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The Limit Laws 


To calculate limits of functions that are arithmetic combinations of functions having 
known limits, we can use several fundamental rules. 


THEOREM 1—Limit Laws If LZ, M,c, and k are real numbers and 
lim fo =L and lim g(x) = M, then 
1. Sum Rule: lim(f@) + gx) =L+M 
2. Difference Rule: lim(f(x) — gx) =L-M 
3. Constant Multiple Rule: lim(k *f@~) =keL 
4. Product Rule: lim(f() *g(x)) = L-M 
x 
5. Quotient Rule: tim = 7 M #0 
6. Power Rule: lim [ f(x) ]" = L", na positive integer 
7. Root Rule: lim Vf) = VL = L'/", na positive integer 
(If n is even, we assume that lim, fa) =L>0.) 


In words, the Sum Rule says that the limit of a sum is the sum of the limits. Similarly, the 
next rules say that the limit of a difference is the difference of the limits; the limit of a con- 
stant times a function is the constant times the limit of the function; the limit of a product 
is the product of the limits; the limit of a quotient is the quotient of the limits (provided 
that the limit of the denominator is not 0); the limit of a positive integer power (or root) of 
a function is the integer power (or root) of the limit (provided that the root of the limit is a 
real number). 

It is reasonable that the properties in Theorem | are true (although these intuitive 
arguments do not constitute proofs). If x is sufficiently close to c, then f(x) is close to L 
and g(x) is close to M, from our informal definition of a limit. It is then reasonable that 
f(x) + g(x) is close to L + M; f(x) — g(x) is close to L — M; kf(x) is close to kL; 
f(x)g(x) is close to LM; and f(x)/g(x) is close to L/M if M is not zero. We prove the Sum 
Rule in Section 2.3, based on a precise definition of limit. Rules 2—5 are proved in Appen- 
dix 4. Rule 6 is obtained by applying Rule 4 repeatedly. Rule 7 is proved in more advanced 
texts. The Sum, Difference, and Product Rules can be extended to any number of func- 
tions, not just two. 


EXAMPLE 5 Use the observations lim,_...k = k and lim,_...x = c (Example 3) and 
the fundamental rules of limits to find the following limits. 
(a) lim(x? + 4x? — 3) 


(b) iim 


(c) lim 4x? — 3 
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Identifying Common Factors 

It can be shown that if Q(x) is a poly- 
nomial and Q(c) = 0, then (x — c) is 
a factor of Q(x). Thus, if the numerator 
and denominator of a rational function 
of x are both zero at x = c, they have 
(x — c) as acommon factor. 


7 


(b) lim 


Solution 
(a) lim (x? + 4? - 3) = lim x? + lim 4x? — lim 3 Sum and Difference Rules 
xc XA xc. XC 
= 4+ 42-3 Power and Multiple Rules 


: 4 + oe 
xt+ x7 - 1 _inG i 1) 
roe 2 + 5 lim(x? + 5) 


x-7C 


Quotient Rule 


lim x* + lim x? — lim 1 
x76 xc X76 oe 
= : 2 : Sum and Difference Rules 
lim x* + lim 5 


xe x 
ajé+ce-1 
ea Power or Product Rule 
car 
(c) lim, V42—-3=V lim (4x? — 3) Root Rule with n = 2 
x7 x7 
= V lim 4x? — lim 3 Difference Rule 
x72 x2 


= Vv 4-2) = 3 Product and Multiple Rules 
= V16-3 
=V13 


Theorem | simplifies the task of calculating limits of polynomials and rational functions. 
To evaluate the limit of a polynomial function as x approaches c, merely substitute c for x 
in the formula for the function. To evaluate the limit of a rational function as x approaches 
a point c at which the denominator is not zero, substitute c for x in the formula for the 


function. (See Examples 5a and 5b.) We state these results formally as theorems. 


THEOREM 2—Limits of Polynomials 
If P(x) = a,x" + a,—\x"! + +++ + ao, then 


lim P(x) = P(c) = a,c" a7 ae ea do. 
xC 


THEOREM 3—Limits of Rational Functions 

If P(x) and Q(x) are polynomials and Q(c) # 0, then 
tim 2 _ PO 
xe Ox) O(c)’ 


EXAMPLE 6 The following calculation illustrates Theorems 2 and 3: 


hm Pt 42-3 _ CDP +4Cy?-3_0_y 
m1 45 (-12 + 5 6 


Eliminating Common Factors from Zero Denominators 


Theorem 3 applies only if the denominator of the rational function is not zero at the limit 
point c. If the denominator is zero, canceling common factors in the numerator and 
denominator may reduce the fraction to one whose denominator is no longer zero at c. If 


this happens, we can find the limit by substitution in the simplified fraction. 


(b) 


FIGURE 2.11 The graph of 
Fx) = (2 + x = 2)/(2 
part (a) is the same as the graph of 

g(x) = (x + 2)/x in part (b) except 
at x = 1, where f is undefined. The 


x) in 


functions have the same limit as x > | 
(Example 7). 


> X 
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EXAMPLE 7 


Evaluate 


Solution We cannot substitute x = 1 because it makes the denominator zero. We test 
the numerator to see if it, too, is zero at x = 1. It is, so it has a factor of (x — 1) in com- 
mon with the denominator. Canceling this common factor gives a simpler fraction with the 
same values as the original for x # 1: 
2 _ 
ie Hae ee ig Sy. 
xi Xx x(x — 1) 


Using the simpler fraction, we find the limit of these values as x > | by Theorem 3: 


See Figure 2.11. a 


Using Calculators and Computers to Estimate Limits 


When we cannot use the Quotient Rule in Theorem | because the limit of the denominator 
is zero, we can try using a calculator or computer to guess the limit numerically as x gets 
closer and closer to c. We used this approach in Example 1, but calculators and computers 
can sometimes give false values and misleading impressions for functions that are unde- 
fined at a point or fail to have a limit there. Usually the problem is associated with round- 
ing errors, as we now illustrate. 


Vx? + 100 — 10 


x2 


EXAMPLE 8 


Estimate the value of lim 
x 


Solution Table 2.3 lists values of the function obtained on a calculator for several points 
approaching x = 0. As x approaches 0 through the points +1, +0.5, +0.10, and +0.01, 
the function seems to approach the number 0.05. 

As we take even smaller values of x, + 0.0005, + 0.0001, + 0.00001, and +0.000001, 
the function appears to approach the number 0. 

Is the answer 0.05 or 0, or some other value? We resolve this question in the next 


example. o 
\/y2 = 
TABLE 2.3 Computed values of f(x) = — a ae near x =O 
x f(x) 
+1 0.049876 
+0.5 0.049969 
h .05? 
+0.1 moscseg | Pe oee 
+ 0.01 0.050000 
+ 0.0005 0.050000 
+ 0.0001 0.000000 sceeucieeG? 
+0.00001 0.000000 { “PP 
+ 0.000001 0.000000 
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0 


FIGURE 2.12 The graph of f is sand- 
wiched between the graphs of g and h. 


Using a computer or calculator may give ambiguous results, as in the last example. 
The calculator could not keep track of enough digits to avoid rounding errors in computing 
the values of f(x) when x is very small. We cannot substitute x = 0 in the problem, and the 
numerator and denominator have no obvious common factors (as they did in Example 7). 
Sometimes, however, we can create a common factor algebraically. 


EXAMPLE 9 Evaluate 
li Vx2 + 100 — 10 
im ; ‘ 


x0 x 


Solution This is the limit we considered in Example 8. We can create a common factor 
by multiplying both numerator and denominator by the conjugate radical expression 


Vx? + 100 + 10 (obtained by changing the sign after the square root). The preliminary 
algebra rationalizes the numerator: 


V2 + 100 - 10 __ Vx? + 100 — 10, Vx? + 100 + 10 
a a Vx? + 100 + 10 
x2 + 100 — 100 
x2(Vx? + 100 + 10) 
x?(V x? + 100 + 10) 
_ 1 
V2 + 100 + 10. 


Common factor x? 


Cancel x? for x # 0. 


Therefore, 


pee 0 = 10. 5 1 
x0 x x0 V2 + 100 + 10 
1 Denominator not 0 at 
= x = 0; substitute. 
V0? + 100 + 10 


ee 
= 39 = 0.05. 


This calculation provides the correct answer, in contrast to the ambiguous computer 
results in Example 8. a 


We cannot always algebraically resolve the problem of finding the limit of a quotient 
where the denominator becomes zero. In some cases the limit might then be found with 
the aid of some geometry applied to the problem (see the proof of Theorem 7 in Section 2.4), 
or through methods of calculus (illustrated in Section 4.5). The next theorems give helpful 
tools by using function comparisons. 


The Sandwich Theorem 


The following theorem enables us to calculate a variety of limits. It is called the Sandwich 
Theorem because it refers to a function f whose values are sandwiched between the val- 
ues of two other functions g and h that have the same limit L at a point c. Being trapped 
between the values of two functions that approach L, the values of f must also approach L 
(Figure 2.12). You will find a proof in Appendix 4. 


FIGURE 2.13 Any function u(x) 
whose graph lies in the region between 
y = 1 + (x?/2) and y = 1 — (47/4) 
has limit 1 as x > 0 (Example 10). 


(b) 


FIGURE 2.14 The Sandwich Theorem 
confirms the limits in Example 11. 
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THEOREM 4—The Sandwich Theorem Suppose that g(x) = f(x) = A(x) for 
all x in some open interval containing c, except possibly at x = c itself. Suppose 
also that 


lim g(x) = lim A(x) = L. 


Then lim,_,, f(x) = L. 


The Sandwich Theorem is also called the Squeeze Theorem or the Pinching Theorem. 


EXAMPLE 10 Given that 
x? x? 
LS Ss) Sl forallx 4 0, 
4 2 
find lim,—.9 u(x), no matter how complicated u is. 
Solution Since 


lim (1 — (x7/4)) =1 and lim (1 + (x?/2)) = 1, 
the Sandwich Theorem implies that lim,_.9 u(x) = | (Figure 2.13). | 


EXAMPLE 11 The Sandwich Theorem helps us establish several important limit rules: 
(a) limsiné@ = 0 (b) lim cos 6 = 1 

60 90 
(c) For any function f, lim | f(x)| = 0 implies lim f(x) = 0. 


Solution 
(a) In Section 1.3 we established that —|6| =sind Ss \6| for all 6 (see Figure 2.14a). 
Since limp_.9(—|6|) = limgso |6| = 0, we have 


lim sin 8 = 0. 
60 
(b) From Section 1.3,0 = 1 — coséS |0| for all 6 (see Figure 2.14b), and we have 
limg_.9 (1 — cos 6) = 0 or 
lim cos 0 = 1. 
60 
(c) Since —|f(x)| = f@) S |f@)| and —|f(@®| and |f(@)| have limit 0 as xc, it 
follows that lim,_.. f(x) = 0. im 


Another important property of limits is given by the next theorem. A proof is given in 
the next section. 


THEOREM 5 If f(x) S g(x) for all x in some open interval containing c, except 
possibly at x = c itself, and the limits of f and g both exist as x approaches c, 
then 


lim f(x) < lim g(x). 


Caution The assertion resulting from replacing the less than or equal to (=) inequality by 
the strict less than (<) inequality in Theorem 5 is false. Figure 2.14a shows that for 0 # 0, 
—|6| <snd< |0|. So limp.) sin 6 = 0 = limps |0 , hot limy_.9 sin @ < limps |6]. 
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Exercises Papa] 


Limits from Graphs d. lim f(x) exists at every point c in (—1, 1Foli@ 
1. For the function g(x) graphed here, find the following limits or 
: : is lim f(x) exists atevery pointc§ = (1, 3Fg se 
explain why they do not exist. 


a. lim g(x) b. lim g(x) ¢« limg@ d. lim g(@) 
x1 x2 x33 42) me 


A ey? 
yoKtur y=f@) 
IE f 
+ >x 
2 3 
>X 
«4 bas alto do lint rar 
2. For the function f(t) graphed here, find the following limits or Existence of Limits 
explain why they do not exist. In Exercises 5 and 6, explain why the limits do not exist. 
a. lim f(‘) Db. lim f® q d. lim f(a‘ 5. lim fayda site 6. lim 
t>-2 () { t>-05 = x0 |x| dlama xolx— 1 


s=fO _ 


: 


l t sf 
ZN —1 0 1 
i 


3. Which of the following statements about the function y = f(x) 
graphed here are true, and which are false? 


a. hae f@) existshalse 


b. lim fx) = 0 False Calculating Limits : 4- \ = 
Find the limits in Exercises 11-22. ( 4*5 2 2 (4) 


c. lim f(x) = 1 False 
ii 11. ili 2— 4 (9- 12. lim(—x? + 5x — 2 
d. lim f(x) = 1 True a (x 3\9 i) lim ( x? + 5x — 2) 
: = _ : 3. 9,2 
" lim f(x) = 0 False. 13. lim 8(t — 5)(t — 7) 14. Jim (x 2x? + 4x + 8) 
f. tim f(x) exists at every point c in (-1, pkalse 15. lim 2x + 5 16. hats = 3Nee= H 
g. lim f(x) does not exishylea x211 — 37 52/3 
+2 
17. lim_4x(x + 4) 18. lim —>—~— 
y x>-1/2 yo2y? + 5y + 6 
A 
19. lim (5 — y)*3 20. lim Vz? — 10 
le y>-3 za 
| 24. lim ——3— 22, lim +4 — 2 
= >Xx M0\V/3h +1+1 h>0 h 
, Limits of quotients Find the limits in Exercises 23-42. 
oe _ 1 
Bint Be Oh i 
5X7 — 25 WA) x>-3x7 + 4x + 3 
+ 3x — 10 Lab oe = ee 0 
4. Which of the following statements about the function y = f(x) 25. Fe by) 26. iim a 
graphed here are true, and which are false? ; gLy—a aye 
Fi | 27. lim—,—_— 28. lim ————_| 
a. lim f(x) does not existFalSe, 1 2 — 1 (alt) Pea Popo? 
b. lim f@ = 2 Falge, -2x-4 _ dy + 8y 


29. lim oA qd. 30. lim q A 
CG lim f(x) does not exist Tae x32 x3 4+ 2x y>0 3y* — loy* 


1 1 

= = + 

44. ig *@——_* 3, in 
x1 xX — 1 x0 x 
tH _ w—8 

. lim 4 4. lim ~ 

= aa w — 1 - et vt = 16 
= 5) ga 
35. lim ¥*—3 56. 
x9 xX — 29 x49 — Vx 


3 ln ————— 38. lim 


39. lim 5 40. lim, 
2-Vx-5 4-x 


41. lim ——~y,— 42. lim 


Limits with trigonometric functions Find the limits in Exercises 
43-50. 
2 


43. lim(2sinx — 1) 44. lim sin-x 
x0 xa /4 

45. limsec x 46. lim tanx 
x0 x>7/3 

a. ia oe 48. lim(x2 — 1)(2 — cos.x) 
x0 3 cos x x0 


49. lim Vx +4cos(x + 7) 50. lim V7 + sec? x 


x1 x0 


Using Limit Rules 

51. Suppose lim,9 f(x) = 1 and lim,.9 g(x) = —5. Name the 
rules in Theorem | that are used to accomplish steps (a), (b), and 
(c) of the following calculation. 


2f(x) — gx) _ mI) — gC) 


0 (Fa) + 9 Tim (fay + 795 = 
lim 2f(x) — lim g(x) 
ar () 
(1im(seo +7) 
2 lim f(x) — lim g(x) 
- ©) 


2/3 
area? 
(ig 00 + tin 7) 


— Q)0) — 5) _ 7 
da + 7/8 4 


52. Let lim, , h(x) = 5, lim,—; p@) = 1, and lim, r(x) = 2. 
Name the rules in Theorem | that are used to accomplish steps 
(a), (b), and (c) of the following calculation. 


Ving) __tim V58) 


"3 p@IG = re) — Tim (PCIE — re) "7 
= ; (b) 

(tim pto))( tim (4 = ra))) 
7 : (c) 


(tim poo) im 4 — lim ra) 
V (5)(5) 5 


~ (4-2) 2 
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53. Suppose lim,_,,. f(x) = 5 and lim,_,, g(x) = —2. Find 
a. lim f(x)g(x) b. lim 2f(x)g(x) 
; f@) 
d. lim —.——_— 
ree FO) — GQ) 
54. Suppose lim,_., f(x) = 0 and lim,_,, g(x) = —3. Find 
a. lim (g(x) + 3) b. lim xf (x) 


c. lim(f(@) + 3g) 


: g(x) 
I Sl 


55. Suppose lim,—, f(x) = 7 and lim,—, g(x) = —3. Find 
a. lim (f(x) + g(x)) b. lim f@)*8@) 
c. lim 4g(x) d. lim f(x)/g0) 


56. Suppose that lim,._, p(x) = 4, lim,._» r(x) = 0, and 
lim,_,_5 s(x) = —3. Find 


a. jim, (p(x) + r(x) + s(x)) 
b. lim, P(x) * r(x) * s(x) 
c. tim (-4p@) + 5r(x))/s(x) 


c. lim (g(x)? 


Limits of Average Rates of Change 
Because of their connection with secant lines, tangents, and instanta- 
neous rates, limits of the form 


_ f(x + h) — f@) 
lim —YH—!—]! 
h-0 h 


occur frequently in calculus. In Exercises 57-62, evaluate this limit 
for the given value of x and function f. 

57. fsa =x, x=1 

58. f(x) = x7, x =-2 

59. f(x) = 3x -4, x=2 

60. f(x) = 1/x, x =-2 

61. fx) = Vx, x=7 

62. f(x) = V3x+1, x=0 


Using the Sandwich Theorem 
63. If V5 — 2x? = fx) = V5 — xX for—1 <x = 1, find 
lim, f@). 
64. If 2 — x* S g(x) S 2 cosx for all x, find lim,_.9 g(x). 
65. a. It can be shown that the inequalities 
2 


x x sin x 


: 6 2 —2cosx 


hold for all values of x close to zero. What, if anything, does 
this tell you about 

li x sin x 

ro 2 — 2cosx’ 


Give reasons for your answer. 


T\b. Graph y = 1 — (x7/6), y = (xsinx)/(2 — 2cosx), and 
y = 1 together for —2 = x = 2. Comment on the behavior 
of the graphs as x > 0. 
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66. a. Suppose that the inequalities 


1 x ~1-—cosx _1 
7 a 


hold for values of x close to zero. (They do, as you will see in 
Section 9.9.) What, if anything, does this tell you about 


Give reasons for your answer. 


. Graph the equations y = (1/2) — (x?/24), 


y = (1 — cos x)/x?, and y = 1/2 together for —2 < x S 2. 
Comment on the behavior of the graphs as x — 0. 


Estimating Limits 
You will find a graphing calculator useful for Exercises 67—76. 


67. Let f(x) = (x? — 9)/(x + 3). 
a. Make a table of the values of f at the points x = —3.1, 


Cc. 


—3.01, —3.001, and so on as far as your calculator can go. 
Then estimate lim,_,_; f(x). What estimate do you arrive at 
if you evaluate f at x = —2.9,—2.99,—2.999,... instead? 


Support your conclusions in part (a) by graphing f near 
c = —3 and using Zoom and Trace to estimate y-values on 
the graph as x > —3. 


Find lim,_,_3 f(x) algebraically, as in Example 7. 


68. Let g(x) = (x2 — 2)/(« — V2). 
a. Make a table of the values of g at the points x = 1.4, 1.41, 


Cc. 


1.414, and so on through successive decimal approximations 
of V2. Estimate lim,—/2 g(x). 

Support your conclusion in part (a) by graphing g near 

c = V2 and using Zoom and Trace to estimate y-values on 
the graph as x > V2. 


Find lim,_,.,/z g(x) algebraically. 


69. Let G(x) = (x + 6)/(x? + 4x — 12). 
a. Make a table of the values of G at x = —5.9, —5.99, —5.999, 


Cc. 
70. Let h(x) = (x2 — 2x — 3)/(x? — 4x 


and so on. Then estimate lim,—.-¢ G(x). What estimate do 
you arrive at if you evaluate G at x = —6.1, —6.01, 
—6.001,... instead? 


Support your conclusions in part (a) by graphing G and using 
Zoom and Trace to estimate y-values on the graph as 
LG; 


Find lim,—.-¢ G(x) algebraically. 


3). 


a. Make a table of the values of h at x = 2.9, 2.99, 2.999, and 


Cc. 


so on. Then estimate lim,_,; A(x). What estimate do you 
arrive at if you evaluate h at x = 3.1, 3.01, 3.001,... 
instead? 


Support your conclusions in part (a) by graphing / near 
c = 3 and using Zoom and Trace to estimate y-values on the 
graph as x — 3. 


Find lim,_,; (x) algebraically. 


71. Let f(x) = (x? — 1)/(|x| - 1). 
a. Make tables of the values of f at values of x that approach 


c = —1 from above and below. Then estimate lim,—._; f(x). 


b. Support your conclusion in part (a) by graphing f near 
c = —1 and using Zoom and Trace to estimate y-values on 
the graph as x > —1. 
ec. Find lim,_,_, f(x) algebraically. 
72. Let F(x) = (x? + 3x + 2)/(2 — |x]). 
a. Make tables of values of F at values of x that approach 
c = —2 from above and below. Then estimate lim,_,_, F(x). 


b. Support your conclusion in part (a) by graphing F near 
c = —2 and using Zoom and Trace to estimate y-values on 
the graph as x > —2. 
ce. Find lim,—._, F(x) algebraically. 
73. Let 9(0) = (sin 0)/6. 
a. Make a table of the values of g at values of 6 that approach 
0) = 0 from above and below. Then estimate limp_.9 g(8). 
b. Support your conclusion in part (a) by graphing g near 
6) = 0. 
74. Let G(t) = (1 — cos t)/P’. 
a. Make tables of values of G at values of ¢ that approach f) = 0 
from above and below. Then estimate lim,—.9 G(¢). 
b. Support your conclusion in part (a) by graphing G near 
fy = 0. 
75. Let f(x) = x'/0-, 
a. Make tables of values of f at values of x that approach c = 1 
from above and below. Does f appear to have a limit as 
x — 1? If so, what is it? If not, why not? 
b. Support your conclusions in part (a) by graphing f near c = 1. 
76. Let f(x) = (3% — 1)/x. 
a. Make tables of values of f at values of x that approach c = 0 


from above and below. Does f appear to have a limit as 
x — 0? If so, what is it? If not, why not? 


b. Support your conclusions in part (a) by graphing f near c = 0. 


Theory and Examples 

77. If xt S f(x) Sx for x in [-1,1] and x? S f@) Sx" for 
x <—1 and x > 1, at what points c do you automatically know 
lim,—, f(x)? What can you say about the value of the limit at 
these points? 


78. Suppose that g(x) = f(x) = A(x) for all x # 2 and suppose that 
lim g(x) = lim h(x) = —5. 


Can we conclude anything about the values of f, g, and h at 
x = 2? Could f(2) = 0? Could lim,—., f(x) = 0? Give reasons 
for your answers. 


79, If im —> = 1, find tim FO) 
7 x4 xX -— 2 = ane are): 
80. 1f tim 2% = 1, find 
X72: X 
: . £@) 
a. Jim, f@ b. Jim, 7 
81, a. If lim? —> = 3, find lim f) 
- a ar} ~~ 5) , 1m are) Xs 
AO Baars 
b. If lim” —5~ = 4, find lim f(). 


[A 


x) 
82. If lim > = 1, find 


83. a. 
on the origin as necessary. 


b. Confirm your estimate in part (a) with a proof. 


84. a. 
in on the origin as necessary. 


b. Confirm your estimate in part (a) with a proof. 90 


COMPUTER EXPLORATIONS 


Graphical Estimates of Limits 


Graph g(x) = xsin(1/x) to estimate lim,—.) g(x), zooming in 


Graph h(x) = x?cos(1/x) to estimate lim, A(x), zooming 89. li 
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85. lim 


we — x? — 5x — 3 
(+ 1p 


Wit+x-1 


x 


86. lim 


x21 


87. lim 


88 fepe = 

“x3 VP + 7-4 

1 — cosx 
xsinx 

* +303 — 3cosx 


m 
x0 


In Exercises 85—90, use a CAS to perform the following steps: 


a. Plot the function near the point c being approached. 


b. From your plot guess the value of the limit. 
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y=2x-1 


Upper bound: 
y=9 


To satisfy 
this 


Lower bound: 
y=s 


[ 
[ 
[ 
Ly 
34 


Restrict 
to this 


FIGURE 2.15 Keeping x within 1 unit 
of x = 4 will keep y within 2 units of 
y = 7 (Example 1). 


We now turn our attention to the precise definition of a limit. We replace vague phrases 
like “gets arbitrarily close to” in the informal definition with specific conditions that can 
be applied to any particular example. With a precise definition, we can avoid misunder- 
standings, prove the limit properties given in the preceding section, and establish many 
important limits. 

To show that the limit of f(x) as x — c equals the number L, we need to show that the 
gap between f(x) and L can be made “as small as we choose” if x is kept “close enough” 
to c. Let us see what this would require if we specified the size of the gap between f(x) 
and L. 


EXAMPLE 1 Consider the function y = 2x — 1 near x = 4. Intuitively it appears 
that y is close to 7 when x is close to 4, so lim,_,4(2x — 1) = 7. However, how close to 
x = 4 does x have to be so that y = 2x — 1 differs from 7 by, say, less than 2 units? 


Solution We are asked: For what values of x is |y — 7| < 2? To find the answer we 
first express |y — 7| in terms of x: 
ly — 7| = |x — 1) — 7| = [2x - 8]. 


The question then becomes: what values of x satisfy the inequality |2x — 8| < 2? To find 
out, we solve the inequality: 


[2e= 8) <2 
=—2 2 = 8 <2 
6 < 2x < 10 
3<x<5 
-l<x-4<1. 


Solve for x. 


Solve for x — 4. 


Keeping x within | unit of x = 4 will keep y within 2 units of y = 7 (Figure 2.15). | 
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1 
L+ io 
@ f(x) 
F(x) lies 
Le in here 
1 
LS ior 
for allx #c 
in here 
plea 
- O—e—}—> x 
0 c-6 cc cté 


FIGURE 2.16 How should we define 
6 > 0 so that keeping x within the interval 
(c — 6,c + 6) will keep f(x) within the 


: 1 1 
_— 9 
interval (u i0° L+ i 5) 


y 
” 
Lt+tem 
F(x) lies 
L Wie in here 
L-ewv 
for allx #c 
in here 
5 5 
re 
7 (—* \__sx 
c— 56 c ct+6 


FIGURE 2.17 The relation of 5 and € 
in the definition of limit. 


In the previous example we determined how close x must be to a particular value c to 
ensure that the outputs f(x) of some function lie within a prescribed interval about a limit 
value L. To show that the limit of f(x) as x > c actually equals L, we must be able to show 
that the gap between f(x) and L can be made less than any prescribed error, no matter how 
small, by holding x close enough to c. 


Definition of Limit 


Suppose we are watching the values of a function f(x) as x approaches c (without taking 
on the value of c itself). Certainly we want to be able to say that f(x) stays within one- 
tenth of a unit from L as soon as x stays within some distance 6 of c (Figure 2.16). But that 
in itself is not enough, because as x continues on its course toward c, what is to prevent 
f(x) from jittering about within the interval from L — (1/10) to L + (1/10) without 
tending toward L? 

We can be told that the error can be no more than 1/100 or 1/1000 or 1/100,000. 
Each time, we find a new 6-interval about c so that keeping x within that interval satisfies 
the new error tolerance. And each time the possibility exists that f(x) jitters away from L 
at some stage. 

The figures on the next page illustrate the problem. You can think of this as a quarrel 
between a skeptic and a scholar. The skeptic presents e-challenges to prove that the limit 
does not exist or, more precisely, that there is room for doubt. The scholar answers every 
challenge with a 6-interval around c that keeps the function values within e€ of L. 

How do we stop this seemingly endless series of challenges and responses? We can 
do so by proving that for every error tolerance € that the challenger can produce, we can 
present a matching distance 6 that keeps x “close enough” to c to keep f(x) within that 
e-tolerance of L (Figure 2.17). This leads us to the precise definition of a limit. 


DEFINITION Let f(x) be defined on an open interval about c, except possibly at c 
itself. We say that the limit of f(x) as x approaches c is the number L, and write 
lim f(x) = L, 
if, for every number € > 0, there exists a corresponding number 6 > 0 such 

that for all x, 


=> 


0< |x-—cl <8 lf@) - L| <e. 


One way to think about the definition is to suppose we are machining a generator 
shaft to a close tolerance. We may try for diameter L, but since nothing is perfect, we must 
be satisfied with a diameter f(x) somewhere between L — € and L + e. The 6 is the mea- 
sure of how accurate our control setting for x must be to guarantee this degree of accuracy 
in the diameter of the shaft. Notice that as the tolerance for error becomes stricter, we may 
have to adjust 6. That is, the value of 6, how tight our control setting must be, depends on 
the value of e, the error tolerance. 


Examples: Testing the Definition 


The formal definition of limit does not tell how to find the limit of a function, but it 
enables us to verify that a conjectured limit value is correct. The following examples show 
how the definition can be used to verify limit statements for specific functions. However, 
the real purpose of the definition is not to do calculations like this, but rather to prove gen- 
eral theorems so that the calculation of specific limits can be simplified, such as the theo- 
rems stated in the previous section. 


y =f) 


o 
‘ 
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I 
I 
! 
0| c 


| 
| 
| 
| 
i 
| >Xx 
Cc 


>X 
0| Ne oe ol 2 \ 
c= bin c+ 8ino ¢— 81/100 c+ 8ino0 
The challenge: Response: New challenge: Response: 
Make | f(x) — L| <e =4 |x — c| < 8,9 (a number) Make| f(x) — L| <e = |x —c| < 8100 
: 
y =f) y=f@~ 
1 | 
“~ 1000 
1 >x 
(0) Cc 
New challenge: Response: 
© ~ 7000 |x —c| <8in000 
y y 
LN A 
y=f@) y=f@ 
1 
“ * 790,000 
ae 
L 
I i | 
| pe i Hi L-& | 
| 100,000 | | | 
Vl 
rly 
| >Xx | | 
c 0 C >xX 0 7 >Xx 
New challenge: Response: New challenge: 
_ 1 
€ = 190,000 |x — €| <81/100,000 6 Se 


EXAMPLE 2 Show that 


lim (Sx — 3) = 2. 


Solution Set c = 1, f(x) = 5x — 3, and L = 2 in the definition of limit. For any given 
e > 0, we have to find a suitable 6 > O so that if x ~# 1 and x is within distance 6 of 
c = 1, that is, whenever 


Ol < 6, 


it is true that f(x) is within distance e of L = 2, so 


lf) -— 2| <e. 
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y We find 6 by working backward from the €-inequality: 
=5x-3 
— \(5x — 3) — 2| = |5x — 5| <e 
5|jx- 1] <e€ 
le— 1] < €/5, 


Thus, we can take 6 = €/5 (Figure 2.18). If 0 < |x — 1| < 6 = €/5, then 
|(5x — 3) — 2| = |5x — 5] = 5 |x - 1| < 5(e/5) =, 


which proves that lim,_,,;(5x — 3) = 2. 
The value of 6 = €/5 is not the only value that will make 0 < |x — 1| < 6 imply 
= 5| < e. Any smaller positive 6 will do as well. The definition does not ask for a 


“best” positive 6, just one that will work. | 
3 EXAMPLE 3 Prove the following results presented graphically in Section 2.2. 
NOT TO SCALE (a) lim x=Cc 


FIGURE 2.18 If f(x) = 5x — 3, then (b) limk =k (k constant) 
0 < |x — 1| < €/5 guarantees that xe 
|f(x) — 2| < € (Example 2). 

Solution 

(a) Let € > 0 be given. We must find 6 > 0 such that for all x 


0< |x-cl| <6 implies lx -— cl <e. 
The implication will hold if 6 equals € or any smaller positive number (Figure 2.19). 
aa This proves that lim,...x = c. 
c € 


(b) Let € > 0 be given. We must find 6 > 0 such that for all x 


O<|x-—cl<6 implies |k-—k&| <e. 


Since k — k = 0, we can use any positive number for 6 and the implication will hold 
(Figure 2.20). This proves that lim,..k = k. Oo 


CN 


| 
| 
| 
| 
| 
| 
| 
! 
c 


Finding Deltas Algebraically for Given Epsilons 


FIGURE 2.19 For the function In Examples 2 and 3, the interval of values about c for which | f(x) — L]| was less than e 
f(x) = x, we find that 0 < |x — c| < 6 was symmetric about c and we could take 6 to be half the length of that interval. When 
will guarantee | f(x) — c| < € whenever such symmetry is absent, as it usually is, we can take 6 to be the distance from c to the 
6 = e (Example 3a). interval’s nearer endpoint. 


EXAMPLE 4 For the limit lim,.;Vx — 1 = 2, find a 6 > 0 that works for e = 1. 
That is, find a 6 > O such that for all x 


C2 xzx=Ss(\— a [Wee 1=2)< 1) 


— Solution We organize the search into two steps. 
k-e 


1. Solve the inequality |x — 1 — 2| <1 to find an interval containing x = 5 on 
which the inequality holds for all x # 5. 


|\Vx-1-2| <1 
c+ ss [22 =1=2<1 

1<Vx-1<3 
FIGURE 2.20 For the function = 


f(x) = k, we find that | f(x) — k| < e I<x-1<9 
for any positive 6 (Example 3b). 2<x< 10 


>< 


| 
| 
| 
| 
| 
| 
| 
0 cH 6 oc 
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3 3 The inequality holds for all x in the open interval (2, 10), so it holds for all x # 5 in 
this interval as well. 

2. Find a value of 6 > 0 to place the centered interval 5 — 6 < x < 5 + 6 (centered 
at x = 5) inside the interval (2, 10). The distance from 5 to the nearer endpoint of 
(2, 10) is 3 (Figure 2.21). If we take 6 = 3 or any smaller positive number, then the 
inequality 0 < |x — 5| < 6 will automatically place x between 2 and 10 to make 
| Vx — 1 — 2| < 1 (Figure 2.22): 


FIGURE 2.21 An open interval of ra- 
dius 3 about x = 5 will lie inside the open 
interval (2, 10). 


y O0<|x-5)<3 = |Vx-1-2) <1, a 


How to Find Algebraically a 6 for a Given f, L,c, and « > 0 
The process of finding a 6 > 0 such that for all x 


0<|x-cl <8 => lf) - L| <e 
can be accomplished in two steps. 


1. Solve the inequality | f(x) — L| < € to find an open interval (a, b) contain- 
ing c on which the inequality holds for all x # c. 


NOT TO SCALE 2. Find a value of 6 > 0 that places the open interval (c — 6, c + 6) centered 
at c inside the interval (a, b). The inequality | f(x) — L| < e will hold for all 


FIGURE 2.22 The function and inter- 2 af ic Gath Souierval. 


vals in Example 4. 


EXAMPLE 5 Prove that lim,_., f(x) = 4 if 


x, xA#2 
at, 10D 


Solution Our task is to show that given € > 0 there exists a 6 > 0 such that for all x 
0<|x-2| <6 => lf) - 4| < e. 
1. Solve the inequality | f(x) — 4| < € to find an open interval containing x = 2 on 
which the inequality holds for all x A 2. 
For x # c = 2, we have f(x) = x’, and the inequality to solve is |x — 4| < e: 
|x? - 4| <e 
-e<x-4<e 
4-e<x<4+e 


|(2, 1) 4-e< |x| <V4+e Assumes € < 4; see below. 
l 


| 
| 
| 
e 
) 
| : 
| ¥% 7. i re An open interval about x = 2 
0 ; £2\ ies 4 ae 4+ €. that solves the inequality 
—é € 


The inequality | iQ) = 4| < e holds for all x # 2 in the open interval (V4 — e, 
V4 + €) (Figure 2.23). 


FIGURE 2.23 An interval containing 
x = 2 so that the function in Example 5 


satisfies |f{x) — 4| < «. 2. Find a value of 6 > 0 that places the centered interval (2 — 6,2 + 6) inside the 


interval (V4 — €, V4 + €). 


Take 6 to be the distance from x = 2 to the nearer endpoint of (V4 — e€, V4 + e). 
In other words, take 6 = min {2 —-V4-6,V4+e- ahs the minimum (the 
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smaller) of the two numbers 2 — V4 — € and V4 + e — 2. If 6 has this or any 
smaller positive value, the inequality 0 < |x = 2| < 6 will automatically place x 


between V4 — € and V4 + € to make | f(x) = 4| < e. For all x, 
0< |x-2| <6 => lf) - 4| <e. 


This completes the proof for e < 4. 
If e = 4, then we take 6 to be the distance from x = 2 to the nearer endpoint of 


the interval (0, V4 + e). In other words, take 5 = min {2, V4+te- ae (See 
Figure 2.23.) a 


Using the Definition to Prove Theorems 


We do not usually rely on the formal definition of limit to verify specific limits such as 
those in the preceding examples. Rather, we appeal to general theorems about limits, in 
particular the theorems of Section 2.2. The definition is used to prove these theorems 
(Appendix 5). As an example, we prove part 1 of Theorem 1, the Sum Rule. 


EXAMPLE 6 Given that lim... f(x) = L and lim,... g(x) = M, prove that 
lim (f(x) + g@)) = £ + M. 
Solution Let € > 0 be given. We want to find a positive number 6 such that for all x 
0< |x-—cl <8 => lf) + s@) -(L+ M)| <e. 
Regrouping terms, we get 


| f(x) + ga) - (+ M)| = Kexes) — L) + (eg) — M)| Triangle Inequality: 
lf) — L| + |g@) - MI. la + b| = Jal + |] 


IA 


Since lim,_,.. f(x) = L, there exists a number 6, > 0 such that for all x 

0< |x-c| <6, => lf) -— L| < €/2. 
Similarly, since lim,_,,. g(x) = M, there exists a number 6, > 0 such that for all x 

0< |x-cl < 4 => |g(x) — M| < €/2. 
Let 5 = min {6), 5,}, the smaller of 6, and 6). If 0 < |x — c| < 6 then |x — c| < 6), 
so | f(x) — L| < €/2, and |x — c| < &, so |g(x) — M| < €/2. Therefore 

7) + e@)-C+M| <5 +5-€ 

This shows that lim,..(f(x) + g(@~)) = L + M. | 


Next we prove Theorem 5 of Section 2.2. 


EXAMPLE 7 Given that lim... f(x) = L and lim,_., g(x) = M, and that f(x) = g(x) 
for all x in an open interval containing c (except possibly c itself), prove that L = M. 


Solution We use the method of proof by contradiction. Suppose, on the contrary, that 
L > M. Then by the limit of a difference property in Theorem 1, 


lim (g@) — f@)) = M— L. 


Therefore, for any € > 0, there exists 6 > 0 such that 


\(g@) — f@) - (M- Dl <e 
Since L — M > 0 by hypothesis, we take e = L — M in particular and we have a num- 


ber 6 > O such that 


(ga) — f@) -(M- Dl <L-M 


Since a < |a| for any number a, we have 


(ga) — f@)) —-(M-L)<L-M 


which simplifies to 


g(x) < FO) 
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whenever 0 < |x — cl < 6. 


whenever 0 < |x — c| < 6. 


whenever 0 < |x — c| <6 


whenever 0 < |x —c| <6. 


83 


But this contradicts f(x) = g(x). Thus the inequality L > M must be false. Therefore 


Ls M. 


Exercises 2.3. 


Centering Intervals About a Point 

In Exercises 1-6, sketch the interval (a,b) on the x-axis with the 
point c inside. Then find a value of 6 > 0 such that for all 
x,0<|x-cel <8 => a<x<b. 


la=1, bD=7, c=5 
Aaa), B27, £22 

=-7/2, b=-1/2, c=-3 

=-7/2, b= -1/2, ¢c=-3/2 
= 4/9, b=4/7, c=1/2 

= 2.7591, b = 3.2391, c=3 


Sy ee 
a aga 


Finding Deltas Graphically 
In Exercises 7-14, use the graphs to find a 6 > 0 such that for all x 
0<|x-—cl <5 => |f@-L| <e. 


Vs 8. 
y (oyS—2eea 4 
A 2 
c=-3 
L=75 
6.2 f(x) =2x-4 e€=0.15 
6------ c= 3 
5.8-----W7 L=6 ee ae 
e=02 9 \------4 7.65 


4 
4.9 5.1 


NOT TO SCALE 


\ 0 
=2:9 


NOT TO SCALE 


BIW Bin 


11. 


NOT TO SCALE 


10. 


y 
* fa) =2Vx4t1 


c=3 


12. 


2 
NOT TO SCALE 


_V5 “1_v3 
2 
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13. 14. Using the Formal Definition 


Each of Exercises 31-36 gives a function f(x), a point c, and a posi- 


Finding Deltas Algebraically 
Each of Exercises 15-30 gives a 


- tive number e. Find L = lim f(x). Then find a number 6 > O such 
1 that for all x ape 
f= x 
i 0<|x-cl <6 => \f(x) — L| < e. 
2.01}--- ro 2 
: L=2 31. f(x) = 3 - 2x, c = 3, e = 0.02 
e =0.01 
2--=--- 32. f(x) = —3x — 2, c=—-l, e = 0.03 
oe. _ _ 
1.99 iar 33. f(x) = Yo? c= 2, e = 0.05 
| | 
r+ 6xt+5 
pty = = 
i 34. f(x) 3S? 5, €=0.05 
| ! 35. fa) = VI-5x, cc =-3, € = 05 
i 
1 | 36. f@)=4/x, c=2, ©€=04 
11 | 
i 
0 i 7A Ny ai Prove the limit statements in Exercises 37-50. 
701 2 1.99 37. lim 9 —x=5 38. lim 3x —7T)=2 
NOT TO SCALE 
39. lim'Vx — 5 = 2 40. limV4—x=2 


function f(x) and numbers L, c, and 


x2, x #1 


41. lim fm=1 if fw= a pe 


{r x #2 
42. lim, fo =4 if f@~= 


e > 0. Ineach case, find an open interval about c on which the inequal- 1, x=-2 
ity | f(x) — L| < € holds. Then give a value for 6 > 0 such that for 4 .. tf I 
all x satisfying 0 < |x — c| <6 the inequality |f(x) — L| < e 43. nny =1 44, es =3 
holds. ; _ 
7a aan 
I. f@)=xt+1 L=5, c=4, ©€=001 45. lim 2—~ =-6 46. lim =—+ = 2 
xe 3x + 3 x1 X — 

16. f(x) = 2x — 2, L=—6, c=-2, e = 0.02 

eq 47. lim f@) =2. if FO) eee r<1 

= = = = . lim f@%) = i x) = 
17. f(x) x+ 1, L=1, c= 0, e=0.1 Pa Gad x21 
18%. fG)= Vx, L=1f2, ©=1/44, €=01 te 
19. f@m=VI9—-x, L=3, c=10, e€=1 48. lim f(x) = 0 if 0) = {25 ay 
20. f(x) = Vx — 7, L=4, c = 23, €= I 
21. f@)=1/x, L=1/4, c=4, € = 0.05 leg =e 
22. fw =x, L=3, c=V3, €=01 3 
A 
23. f(x) = x, Lea, c= -2, e= 0.5 
24. f(x) = 1/x, L=-1, c=-1, e=0.1 
25. f(x) =x -5, ES Ti; cH 4, e=1 
26. f(x) = 120/x, L=5, c = 24, e=1 
27. f(x) = mx, m>0, L=2m, c=2, € = 0.03 
28. f(x) = mx, m > 0, L = 3m, c=3, e=c>0 
29. f(x) = mx + B, m > 0, L = (m/2) + b, 
c= 1/2, e=c>0 
30. f(x) = mx + b, m > 0, L=m+b, c= 1, 
e = 0.05 


50. lim x? sin 4 =0 


x0 


Theory and Examples 
51. Define what it means to say that lim g(x) =k. 
x 


52. Prove that lim f(x) = L if and only if lim fAt+co=L. 


xc 
53. A wrong statement about limits Show by example that the 


following statement is wrong. 


The number L is the limit of f(x) as x approaches c 
if f(x) gets closer to L as x approaches c. 


Explain why the function in your example does not have the 
given value of L as a limit as x > c. 
54. Another wrong statement about limits Show by example that 


the following statement is wrong. 


The number L is the limit of f(x) as x approaches c if, given any 
e€ > O, there exists a value of x for which | f(x) —L\| <e. 


Explain why the function in your example does not have the 
given value of L as a limit as x > c. 


55. Grinding engine cylinders Before contracting to grind engine 
cylinders to a cross-sectional area of 9 in’, you need to know how 
much deviation from the ideal cylinder diameter of c = 3.385 in. 
you can allow and still have the area come within 0.01 in? of the 
required 9 in*. To find out, you let A = a(x/2)° and look for the 
interval in which you must hold x to make |A — 9| < 0.01. 
What interval do you find? 


56. Manufacturing electrical resistors Ohm’s law for electrical 
circuits like the one shown in the accompanying figure states that 
V = RI. In this equation, V is a constant voltage, / is the current 
in amperes, and R is the resistance in ohms. Your firm has been 
asked to supply the resistors for a circuit in which V will be 120 
volts and J is to be 5 + 0.1 amp. In what interval does R have to 
lie for J to be within 0.1 amp of the value J, = 5? 


a 26 2 
tT O 
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When Is a Number L Not the Limit of f(x) as x c? 
Showing L is not a limit We can prove that lim,_,. f(x) # L by 
providing an e > 0 such that no possible 6 > 0 satisfies the condition 


forallx, 0 < |x-—c| <6 => | f(x) — L| <e. 


We accomplish this for our candidate € by showing that for each 


6 > O there exists a value of x such that 


0< |x-—cl <6 and lf) -Ll Be. 


y =f) 


o} 2-8 c ct+6 


a value of x for which 
0<|x-—c| <6 and| f(x) -L| =e 


x, 
57. Let f(x) = i i, bed 


your 


y =f) 


>X 


a. Let e = 1/2. Show that no possible 6 > 0 satisfies the fol- 
lowing condition: 


Forallx, O<|x-1]<6 => |f@ —-2| < 1/2. 


That is, for each 6 > O show that there is a value of x such 
that 

O<|x-1]<6 and |f(x - 2| = 1/2. 
This will show that lim,., f(x) # 2. 


b. Show that lim,,, f(x) # 1. 
c. Show that lim,,, f(x) # 1.5. 
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x, x<2 
58. Leth(x) = 43, x= 
2, x22. 
y 
A 
y = ha) 


>X 


Show that 
a. lim h(x) # 4 
b. lim h(x) # 3 
c. lim h(x) ~ 2 
59. For the function graphed here, explain why 
a. lim fa) #4 
b. lim fa) #48 


c. lim f(x) 4 3 


>< 


y = f@) 


Z A One-Sided Limits 


>X 


60. 


a. For the function graphed here, show that lim,_,_, g(x) # 2. 


b. Does lim,—._; g(x) appear to exist? If so, what is the value of 


the limit? If not, why not? 


COMPUTER EXPLORATIONS 
In Exercises 61-66, you will further explore finding deltas graphi- 
cally. Use a CAS to perform the following steps: 


61. 


63. 


65. 


66. 


a. 


Plot the function y = f(x) near the point c being approached. 


b. Guess the value of the limit Z and then evaluate the limit sym- 


e. 


f@) = 


bolically to see if you guessed correctly. 


Using the value € = 0.2, graph the banding lines y, = L — € 
and y, = L + e together with the function f near c. 


. From your graph in part (c), estimate a 5 > 0 such that for all x 


0<|x-cl <6 => |f(x) — L| <e. 
Test your estimate by plotting f,y,, and y, over the interval 
0 < |x — c| < 6. For your viewing window use c — 26 = 
xSct 2andlL—- 2e =y=L + 2e. If any function val- 
ues lie outside the interval [L — e, L + e], your choice of 6 
was too large. Try again with a smaller estimate. 


Repeat parts (c) and (d) successively fore = 0.1, 0.05, and 0.001. 


¢-81 | 5+ 9x2 
x= 3° c=3 62. f@) = B54 a2” c=0 
i 25083 

f) = ee, oo: “eee gaa 


x — sinx 


a e-4 


fF) 


3x2 — (Ix + Vx +5 
x= 1 


, c=l1 


In this section we extend the limit concept to one-sided limits, which are limits as x 
approaches the number c from the left-hand side (where x < c) or the right-hand side 


(x > c) only. 


Approaching a Limit from One Side 


To have a limit L as x approaches c, a function f must be defined on both sides of c and its 
values f(x) must approach L as x approaches c from either side. That is, f must be defined 
in some open interval about c, but not necessarily at c. Because of this, ordinary limits are 


called two-sided. 


> X 


FIGURE 2.24 Different right-hand and 
left-hand limits at the origin. 


>< 


>X 


=2, 0 2 


FIGURE 2.26 The function 

f(x) = V4 — x* has right-hand limit 0 
at x = —2 and left-hand limit 0 at x = 2 
(Example 1). 
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If f fails to have a two-sided limit at c, it may still have a one-sided limit, that is, a 
limit if the approach is only from one side. If the approach is from the right, the limit is a 
right-hand limit. From the left, it is a left-hand limit. 

The function f(x) = x/ |x| (Figure 2.24) has limit | as x approaches 0 from the right, 
and limit —1 as x approaches 0 from the left. Since these one-sided limit values are not the 
same, there is no single number that f(x) approaches as x approaches 0. So f(x) does not 
have a (two-sided) limit at 0. 

Intuitively, if f(x) is defined on an interval (c, b), where c < b, and approaches arbi- 
trarily close to L as x approaches c from within that interval, then f has right-hand limit 
Lat c. We write 


lim, f(x) = L. 
The symbol “x — c*” means that we consider only values of x greater than c. 
Similarly, if f(x) is defined on an interval (a, c), where a < c and approaches arbi- 


trarily close to M as x approaches c from within that interval, then f has left-hand limit 
at c. We write 


lim f(x) = M. 


The symbol “x —c ” means that we consider only x-values less than c. 
These informal definitions of one-sided limits are illustrated in Figure 2.25. For the 
function f(x) = x/|x| in Figure 2.24 we have 


lim, f@=1 and lim. f@ =-1. 


L Sx) 
>x >x 
0 C <— x 0 xX > C 
(a) lim, f(x) =L (b) lim f(x) = M 


FIGURE 2.25 (a) Right-hand limit as x approaches c. (b) Left-hand limit as x 
approaches c. 


EXAMPLE 1 The domain of f(x) = V4 — x? is [—2, 2]; its graph is the semicircle 
in Figure 2.26. We have 


lim V4—-x7 =0 and lim V4 — x? = 0. 


—2t x2" 
The function does not have a left-hand limit at x = —2 or a right-hand limit at x = 2. It 
does not have a two-sided limit at either —2 or 2 because each point does not belong to an 
open interval over which f is defined. Oo 


One-sided limits have all the properties listed in Theorem 1 in Section 2.2. The right-hand 
limit of the sum of two functions is the sum of their right-hand limits, and so on. The theorems 
for limits of polynomials and rational functions hold with one-sided limits, as do the Sandwich 
Theorem and Theorem 5. One-sided limits are related to limits in the following way. 


THEOREM 6 _ A function f(x) has a limit as x approaches c if and only if it has 
left-hand and right-hand limits there and these one-sided limits are equal: 


limf@)=L oe lim f@)=L and lim f(~) = L. 
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FIGURE 2.27 Graph of the function 
in Example 2. 
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FIGURE 2.28 Intervals associated with 
the definition of right-hand limit. 
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FIGURE 2.29 Intervals associated with 
the definition of left-hand limit. 


EXAMPLE 2 For the function graphed in Figure 2.27, 


At x = 0: lim, +o: f(x) = 1, 
lim,_.9- f(x) and lim,_.9 f(x) do not exist. The function is not de- 
fined to the left of x = 0. 
Atx=1: lim,_.,- f(x) = 0 even though f(1) = 1, 
lim,—)+f@) = 1, 
lim,_., f(x) does not exist. The right- and left-hand limits are not 
equal. 
At x = 2: lim,—.- f(x) = 1, 
lim,—2+ f(%) = 1, 
lim,_., f(x) = 1 even though f(2) = 2. 
Atx = 3: lim,_.3- f(x) = lim,.3 fx) = lim,..,; f(@) = f(3) = 2. 
Atx=4: lim,+4- f(x) = 1 even though f(4) # 1, 
lim,—+4+ f(x) and lim,_.4 f(x) do not exist. The function is not 
defined to the right of x = 4. 


At every other point c in [0,4], f(x) has limit f(c). | 


Precise Definitions of One-Sided Limits 


The formal definition of the limit in Section 2.3 is readily modified for one-sided 
limits. 


DEFINITIONS We say that f(x) has right-hand limit L at c, and write 
jim, f@m=L (see Figure 2.28) 
if for every number € > 0 there exists a corresponding number 6 > 0 such that 
for all x 
cx<x<ct6 => lf) - L| <e. 
We say that f has left-hand limit LZ at c, and write 
lim_ f@mM=L (see Figure 2.29) 


if for every number € > 0 there exists a corresponding number 6 > 0 such that 
for all x 


c-8<x<c > lf) - L| <e. 


EXAMPLE 3 Prove that 


lim Vx = 0. 


Solution Let e > 0 be given. Here c = 0 and L = 0, so we want to find a 6 > 0 such 
that for all x 


or 


0<x<6 3S |Vx-0] <e, 


02x26 => Ve <e. 


FIGURE 2.30 lim, Vx = 0 in Example 3. 
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Squaring both sides of this last inequality gives 
x<ée if O0<x<6. 

If we choose 6 = e€? we have 

0<x<6=e => Vx < €, 
or 

O0<x<@ > |Vx-0] <e. 
According to the definition, this shows that lim, 9 Vx = 0 (Figure 2.30). a 

The functions examined so far have had some kind of limit at each point of interest. In 


general, that need not be the case. 


EXAMPLE 4 Show that y = sin(1/x) has no limit as x approaches zero from either 
side (Figure 2.31). 


FIGURE 2.31 The function y = sin(1/x) has neither a right- 
hand nor a left-hand limit as x approaches zero (Example 4). The 
graph here omits values very near the y-axis. 


Solution As x approaches zero, its reciprocal, 1/x, grows without bound and the values 
of sin (1/x) cycle repeatedly from —1 to 1. There is no single number L that the function’s 
values stay increasingly close to as x approaches zero. This is true even if we restrict x to 
positive values or to negative values. The function has neither a right-hand limit nor a left- 
hand limit at x = 0. a 


Limits Involving (sin 0) /0 


A central fact about (sin @)/@ is that in radian measure its limit as 6 — 0 is 1. We can see 
this in Figure 2.32 and confirm it algebraically using the Sandwich Theorem. You will see 
the importance of this limit in Section 3.5, where instantaneous rates of change of the 
trigonometric functions are studied. 


NOT TO SCALE 


FIGURE 2.32 The graph of f(0) = (sin 0)/6 suggests that the right- 
and left-hand limits as 6 approaches 0 are both 1. 
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>< 


FIGURE 2.33 The figure for the proof of 
Theorem 7. By definition, TA/OA = tan 0, 
but OA = 1, so TA = tan 6. 


Equation (2) is where radian measure 
comes in: The area of sector OAP is 0/2 


only if @ is measured in radians. 


THEOREM 7—Limit of the Ratio sin 0/0 as 00 


= 1 (0 in radians) (1) 


Proof The plan is to show that the right-hand and left-hand limits are both 1. Then we 
will know that the two-sided limit is 1 as well. 

To show that the right-hand limit is 1, we begin with positive values of @ less than 
a /2 (Figure 2.33). Notice that 


Area AOAP < area sector OAP < area AOAT. 


We can express these areas in terms of 6 as follows: 


Area AOAP = es x height = F((sin 0) = Ssin 


2 
Area sector OAP = | 19 = ! ye ae (2) 
2 2 2 


Area AOAT = Sbase x height = F(ay(tan 0) = Ftan 6. 


Thus, 


1 1 1 

3 Sin 6 = 79 =< 3 tan 6. 

This last inequality goes the same way if we divide all three terms by the number 
(1/2) sin@, which is positive, since 0 < 0 < w/2: 


6 1 
sin 0 cos 0° 


Taking reciprocals reverses the inequalities: 


1 > 08 > cosa, 


Since limg_.9+cos@ = 1 (Example 1 1b, Section 2.2), the Sandwich Theorem gives 


To consider the left-hand limit, we recall that sin 0 and @ are both odd functions (Sec- 
tion 1.1). Therefore, f(@) =(sin 6)/0 is an even function, with a graph symmetric about 
the y-axis (see Figure 2.32). This symmetry implies that the left-hand limit at 0 exists and 
has the same value as the right-hand limit: 


ia sin 6 _ 1 = lim 32 a 
60- oor 0 
so limy-. (sin 6)/8 = 1 by Theorem 6. a 


. cosh - 1 _ . sin2x _ 2 
EXAMPLE 5 Show that (a) lim h =0 and (b) lim 5x 5" 
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Solution 
(a) Using the half-angle formula cosh = 1 — 2 sin? (h /2), we calculate 


cosh-1_, 2 sin?(h/2) 


lim im 
h>0 h h—0 h 
. sind. 
= —lim sin 6 Let 6 = h/2. 
o0 0 
Eq. (1) and Example 11a 
= =( 0) = 0, 


in Section 2.2 


(b) Equation (1) does not apply to the original fraction. We need a 2x in the denominator, 
not a 5x. We produce it by multiplying numerator and denominator by 2/5: 


ies sin 2x _ im (2/5)* sin 2x 
x0 5x x0 (2/5)*5x 


_ 2... sin 2x Now, Eq. (1) applies 
earn ae with @ = 2x. 


EXAMPLE 6 Find fim et 
t— 


Solution From the definition of tan t and sec 2t, we have 


lim 2! See 2¢ _ LL sine, i 
10 3t 7-03 ¢ cost cos 2t 
1, sint, 1 1 


= 5lim . 
3750 f cost cos 2t 


_ i _t Eq. (1) and Example 11b 
> 3 (DMO) mec in Section 2.2 — 


Exercises pee) 


Finding Limits Graphically 
1. Which of the following statements about the function y = f(x) 
graphed here are true, and which are false? 


y 
y=f@ 
$—4 > >Xx 
-1 1 2 
= an fo) = 1 Bs par PED a. lim fe =1 b. lim f(x) does not exist. 
. = . = . Pa did x. 
ed oS ee ee e. lim fix) = 2 d. lim f(x) = 2 
. . . = x= x 
_ a PR) OMStS: a FG) = 0 e. lim, fx) =1 i; lim f(x) does not exist. 
. => . = x x 
ees re a g lim, f(x) = lim f(a) 
ri i = : : _ x0" x0" 
" a =O at — ais h. lim f(x) exists at every c in the open interval (—1, 1). 
: ; : _ args 
ge ue PREPS OCS BO ST, h pas i= 0 i. lim f(x) exists at every c in the open interval (1, 3). 
2. Which of the following statements about the function y = f(x) te a : i 
graphed here are true, and which are false? - a i eames ' pa TR) Bose HOLeaIsh 
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3S k; 22 
3. Let f(x) = x 


os 
atl x 2 


er rr se 


Find lim,_..+ f(x) and lim,_..- f(x). 
Does lim,_,, f(x) exist? If so, what is it? If not, why not? 
Find lim,—4- f(x) and lim,—4+ f(x). 


Does lim,_.4 f(x) exist? If so, what is it? If not, why not? 


Poe SP 


3% X22 


4. Let f(x) = 4” ae 


Ge 2: 


Find lim,—.>- f(x), lim,+y- f(x), and f(2). 
Does lim,_.. f(x) exist? If so, what is it? If not, why not? 
Find lim,_,_)- f(x) and lim,_,_;+ f(x). 


Does lim,_._, f(x) exist? If so, what is it? If not, why not? 


oe oP 


5. Let f(x) = l 


a. Does lim,—+ f(x) exist? If so, what is it? If not, why not? 
b. Does lim,_,9- f(x) exist? If so, what is it? If not, why not? 


c. Does lim,_.9 f(x) exist? If so, what is it? If not, why not? 


6. Let g(x) = Vx sin(1/x). 


=1 


a. Does lim,—o- g(x) exist? If so, what is it? If not, why not? 
b. Does lim,_,9- g(x) exist? If so, what is it? If not, why not? 


c. Does lim,_.9 g(x) exist? If so, what is it? If not, why not? 


x3, xl 
7. a. Graph f(x) = 
0, x=1. 


b. Find lim,—.;- f(x) and lim,—,+ f(x). 
c. Does lim,.; f(x) exist? If so, what is it? If not, why not? 
1— x’, Al 
8. a. Graph f(x) = { . * 
2: x=. 
b. Find lim,_,;+ f(x) and lim,_.,- f(@). 


c. Does lim,—, f(x) exist? If so, what is it? If not, why not? 


Graph the functions in Exercises 9 and 10. Then answer these questions. 


a. What are the domain and range of f? 

b. At what points c, if any, does lim,_,.. f(x) exist? 

c. At what points does only the left-hand limit exist? 
d. At what points does only the right-hand limit exist? 


Vil-x, O=<x<1 


9. fx = 41, 1sx<2 
2, x= 
x -1lsx<0, or O<xs1 


10. f) = 41, x=0 
0, £1 cor eS 1 


Finding One-Sided Limits Algebraically 
Find the limits in Exercises 11-18. 
xe? x-1 


11. im. Pe 12. im, yt? 


. x 2x + 5 
- din, (5 + ile + 2) 

: 1 x+6\/(/3-—x 
a tim (; + “)( x )( 7 ) 


2 a 
i tim + = 5—- V5 


V6 — V5 + 1h + 6 


ee h 
i . |x + 2| : |x + 2\ 
7. a. dim + 3) Peo b. dim + 3) Pane | 
V2x(x - 1 V2x(x - 1 
18. a. lim ay ) b. lim ae ) 
rit |x — 1| xr |x— 1 


Use the graph of the greatest integer function y = |x|, Figure 1.10 in 
Section 1.1, to help you find the limits in Exercises 19 and 20. 


| _ |e] 


19. a ae Bi ee 
20. a. lim(t — [r]) b. lim(t — [1]) 
t4t 14 
_ sind _ 
Using tim 5 = 1 


Find the limits in Exercises 21—42. 


2.5 Continuity 93 


ai, tee 45 Vine 
60 6? cot 30 60 sin? 6 cot? 20 


Theory and Examples 

43. Once you know lim,—.,+ f(x) and lim,—- f(x) at an interior point 
of the domain of f, do you then know lim,_,, f(x)? Give reasons 
for your answer. 


44, If you know that lim,_... f(x) exists, can you find its value by cal- 
culating lim,_..+ f(x)? Give reasons for your answer. 


45. Suppose that f is an odd function of x. Does knowing that 
lim,—o+ f(x) = 3 tell you anything about lim,—.)- f(x)? Give rea- 
sons for your answer. 

46. Suppose that f is an even function of x. Does knowing that 
lim,—.- f(x) = 7 tell you anything about either lim,—._,- f(x) or 
lim,_,_5+ f(x)? Give reasons for your answer. 


Formal Definitions of One-Sided Limits 
47. Given e > 0, find an interval J = (5,5 + 6), 6 > 0, such that if 


41. li sin 20 22. Ij sin kt ‘ x lies in J, then Vx — 5 < e. What limit is being verified and 
= ut \/20 : et (k constant) what is its value? 
_ sin 3y : 48. Given e > 0, find an interval J = (4 — 6, 4), 6 > 0, such that if 
23. be dy 24. jim. sin 3h x lies in J, then V4 — x < e. What limit is being verified and 
Bes ite! tan 2x es 2t what is its value? 
“x50 4% * 50 tant Use the definitions of right-hand and left-hand limits to prove the 
limit statements in Exercises 49 and 50. 
27. lim = 28> 28. lim 6x?(cot x)(csc 2x) a 5 
x0 cos 5x x0 j 49. lim iW aes | 50. lim ie=2i =] 
_— j x0" 71x — 
29, lim 2% 908% 30. lim*—* Sn ad: 7 
aioe a 51. Greatest integer function Find (a) lim,—.499+|x| and (b) 
31. tim + — ome 32. in == lim,—.4o9- |x]; then use limit definitions to verify your findings. 
0+ ut x0 sin’ 3x (c) Based on your conclusions in parts (a) and (b), can you say 
sin(1 — cost sin (sin h i i 2 Gi 
33, lim ( ) 54 Hie ( ) anything about lim,—4o9 | x |? Give reasons for your answer. 
0 «61 — cost no sinh ; 
sin 0 sin 5x 52. O ided limits Let f(x) oe x<0 
: . One-sided limits Let f(x) = 
af a sin 26 i he sin 4x Vx, x> 0. 
37. lim @ cos 6 38. lim sin 6 cot 26 Find (a) lim,—.o+ f(x) and (b) lim,_.9- f(x); then use limit defini- 
Ora oe tions to verify your findings. (c) Based on your conclusions in 
39. lim tan 3x 40. tim 5 6005) parts (a) and (b), can you say anything about lim, f(x)? Give 
x0 sin 8x yoo ycot4y reasons for your answer. 
2 ‘ 5 Continuity 
y When we plot function values generated in a laboratory or collected in the field, we often 


500 


Distance fallen (m) 
nN 
wn 
So 


Elapsed time (sec) 


FIGURE 2.34 Connecting plotted points 
by an unbroken curve from experimental 


data Q), Q3, Q3,.. 


. for a falling object. 


Continuity at a Point 


connect the plotted points with an unbroken curve to show what the function’s values are 
likely to have been at the points we did not measure (Figure 2.34). In doing so, we are 
assuming that we are working with a continuous function, so its outputs vary regularly and 
consistently with the inputs, and do not jump abruptly from one value to another without 
taking on the values in between. Intuitively, any function y = f(x) whose graph can be 
sketched over its domain in one unbroken motion is an example of a continuous function. 
Such functions play an important role in the study of calculus and its applications. 


To understand continuity, it helps to consider a function like that in Figure 2.35, whose 
limits we investigated in Example 2 in the last section. 
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EXAMPLE 1 At which numbers does the function f in Figure 2.35 appear to be not 
continuous? Explain why. What occurs at other numbers in the domain? 


y Solution First we observe that the domain of the function is the closed interval [ 0, 4], 
t so we will be considering the numbers x within that interval. From the figure, we notice 
re ‘ y=7e) right away that there are breaks in the graph at the numbers x = 1, x = 2, and x = 4. The 
breaks appear as jumps, which we identify later as “jump discontinuities.” These are num- 
i _f bers for which the function is not continuous, and we discuss each in turn. 
~~ ' : - Numbers at which the graph of f has breaks: 
0 1 2 3 4 


At x = 1, the function fails to have a limit. It does have both a left-hand limit, 
lim,_.,- f(x) = 0, as well as a right-hand limit, lim,-.,+ f(x) = 1, but the limit values are 
different, resulting in a jump in the graph. The function is not continuous at x = 1. 

At x = 2, the function does have a limit, lim,_., f(x) = 1, but the value of the func- 
tion is f(2) = 2. The limit and function values are not the same, so there is a break in the 
graph and f is not continuous at x = 2. 

Atx = 4, the function does have a left-hand limit at this right endpoint, lim,_.4- f(x) = 1, 
but again the value of the function f(4) = f differs from the value of the limit. We see 
again a break in the graph of the function at this endpoint and the function is not continu- 
ous from the left. 


FIGURE 2.35 The function is not 
continuous at x = 1,x = 2, andx = 4 
(Example 1). 


Numbers at which the graph of f has no breaks: 


At x = 0, the function has a right-hand limit at this left endpoint, lim,—.5+ f(x) = 1, 
and the value of the function is the same, f(0) = 1. So no break occurs in the graph of the 
function at this endpoint, and the function is continuous from the right at x = 0. 

At x = 3, the function has a limit, lim,—.; f(x) = 2. Moreover, the limit is the same 
value as the function there, f(3) = 2. No break occurs in the graph and the function is 
continuous at x = 3. 

At all other numbers x = c in the domain, which we have not considered, the func- 
tion has a limit equal to the value of the function at the point, so lim,-_,.. f(x) = f(c). For 
example, lim,—5/. f(x) = f (3) = 3, No breaks appear in the graph of the function at any 
of these remaining numbers and the function is continuous at each of them. a 


The following definitions capture the continuity ideas we observed in Example 1. 


~ 
DEFINITIONS Let c be a real number on the x-axis. 
The function f is continuous at c if 
lim f@) = FO. 
The function f is right-continuous at c (or continuous from the right) if 
lim, f(x) = f(c). 
Gontinliy “Two-sided bene The function f is left-continuous at c (or continuous from the left) if 
from the right continuity ontinuity : _ 
ans — from the left jim f@) = fl). 
s_s 
1 y=f@) | 
| ! ! 
! ; >x From Theorem 6, it follows immediately that a function f is continuous at an interior 
a c 


point c of its domain if and only if it is both right-continuous and left-continuous at c (Fig- 
FIGURE 2.36 Continuity at points a,b, ure 2.36). We say that a function is continuous over a closed interval [{ a, b | if it is right- 
and c. continuous at a, left-continuous at b, and continuous at all interior points of the interval. 


2 0! 2 


FIGURE 2.37 A function that 
is continuous over its domain 
(Example 2). 


FIGURE 2.38 A function 
that has a jump discontinuity 
at the origin (Example 3). 


FIGURE 2.39 The greatest integer 
function is continuous at every noninte- 


ger point. It is right-continuous, but not 
left-continuous, at every integer point 
(Example 4). 
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This definition applies to the infinite closed intervals [ a, 00) and (—°9, b | as well, but only 
one endpoint is involved. If a function is not continuous at an interior point c of its domain, 
we say that f is discontinuous at c, and that c is a point of discontinuity of f. Note that a 
function f can be continuous, right-continuous, or left-continuous only at a point c for 
which f(c) is defined. 


EXAMPLE 2 The function f(x) = V4 — x? is continuous over its domain [—2, 2 | 
(Figure 2.37). It is right-continuous at x = —2, and left-continuous at x = 2. | 


EXAMPLE 3 The unit step function U(x), graphed in Figure 2.38, is right-continuous 
at x = 0, but is neither left-continuous nor continuous there. It has a jump discontinuity at 
x=0. a 


We summarize continuity at an interior point in the form of a test. 


Continuity Test 


A function f(x) is continuous at a point x = c if and only if it meets the follow- 
ing three conditions. 


1. f(c) exists (c lies in the domain of f). 
2. lim,—.. f(x) exists (f has a limit as x > c). 
3. lim,.. f(x) = f(c) (the limit equals the function value). 


For one-sided continuity and continuity at an endpoint of an interval, the limits in 
parts 2 and 3 of the test should be replaced by the appropriate one-sided limits. 


EXAMPLE 4 The function y = | x | introduced in Section 1.1 is graphed in Figure 2.39. 
It is discontinuous at every integer because the left-hand and right-hand limits are not 
equal as x > n: 

lim |x|]=n-1 and lim |x| =a. 

xn xn 
Since |n| = n, the greatest integer function is right-continuous at every integer n (but not 
left-continuous). 

The greatest integer function is continuous at every real number other than the inte- 

gers. For example, 


In general, if — 1 < c < n,n an integer, then 
lim |x| =n-—1=|cl. a 


Figure 2.40 displays several common types of discontinuities. The function in Figure 
2.40a is continuous at x = 0. The function in Figure 2.40b would be continuous if it had 
f(O) = 1. The function in Figure 2.40c would be continuous if f(0) were | instead of 2. 
The discontinuity in Figure 2.40c is removable. The function has a limit as x — 0, and we 
can remove the discontinuity by setting f(0) equal to this limit. 

The discontinuities in Figure 2.40d through f are more serious: lim,—.9 f(x) does not 
exist, and there is no way to improve the situation by changing f at 0. The step function in 
Figure 2.40d has a jump discontinuity: The one-sided limits exist but have different val- 
ues. The function f(x) = 1/x? in Figure 2.40e has an infinite discontinuity. The function 
in Figure 2.40f has an oscillating discontinuity: It oscillates too much to have a limit as 
x0. 
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y 
aA 
y =f@) 
y=f@) 
———$____. 
0 > XxX > Xx 


(a) 


(d) 


> xX 


(e) 


FIGURE 2.40 The function in (a) is continuous at x = 0; the functions in (b) through (f) are not. 


Continuous Functions 


Generally, we want to describe the continuity behavior of a function throughout its entire 
domain, not only at a single point. We know how to do that if the domain is a closed interval. 
In the same way, we define a continuous function as one that is continuous at every point in 
its domain. This is a property of the function. A function always has a specified domain, so if 
we change the domain, we change the function, and this may change its continuity property 
as well. If a function is discontinuous at one or more points of its domain, we say it is a 
discontinuous function. 


EXAMPLE 5 


(a) The function y = 1/x (Figure 2.41) is a continuous function because it is continuous 
at every point of its domain. It has a point of discontinuity at x = 0, however, because 
it is not defined there; that is, it is discontinuous on any interval containing x = 0. 


(b) The identity function f(x) = x and constant functions are continuous everywhere by 
Example 3, Section 2.3. | 


Algebraic combinations of continuous functions are continuous wherever they are defined. 


THEOREM 8—Properties of Continuous Functions If the functions f and g are 
continuous at x = c, then the following algebraic combinations are continuous 
at x = c. 
1. Sums: ft+e 

FIGURE 2.41 The function y = 1/x 2. Differences: f-g 

‘ss aes we itenelaral aaa - 3. Constant multiples: k- f, for any number k 

has a point of discontinuity at the origin, 

so it is discontinuous on any interval 4. Products: a2 

containing x = 0 (Example 5). 5. Quotients: f/g, provided g(c) # 0 
6. Powers: f", na positive integer 
7. Roots: VF, provided it is defined on an open interval 

containing c, where n is a positive integer 
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Most of the results in Theorem 8 follow from the limit rules in Theorem 1, Section 2.2. 
For instance, to prove the sum property we have 


lim(f + g)@) = lim(f(@) + g()) 


= lim f(x) + lim g(x) Sum Rule, Theorem 1 
= flo) + g(c) Continuity of f, g atc 
= (f + gic). 
This shows that f + g is continuous. 
EXAMPLE 6 
(a) Every polynomial P(x) = a,x" + a,_\x""!+ +++ + a) is continuous because 


lim P(x) = P(c) by Theorem 2, Section 2.2. 


(b) If P(x) and Q(x) are polynomials, then the rational function P(x)/ Q(x) is continuous 


wherever it is defined (Q(c) # 0) by Theorem 3, Section 2.2. | 
EXAMPLE 7 The function f(x) = |x| is continuous. If x > 0, we have f(x) = x, 
a polynomial. If x < 0, we have f(x) = —x, another polynomial. Finally, at the origin, 
lim,55 |a| = 0 = |0}. | 


The functions y = sinx and y = cos x are continuous at x = 0 by Example 11 of 
Section 2.2. Both functions are, in fact, continuous everywhere (see Exercise 70). It fol- 
lows from Theorem 8 that all six trigonometric functions are then continuous wherever 
they are defined. For example, y = tanx is continuous on +++ U (-7/2, 7/2) U 
(7/2, 37/2) U ++. 


Inverse Functions and Continuity 


The inverse function of any function continuous on an interval is continuous over its 
domain. This result is suggested by the observation that the graph of f~!, being the reflec- 
tion of the graph of f across the line y = x, cannot have any breaks in it when the graph of 
f has no breaks. A rigorous proof that f~! is continuous whenever f is continuous on an 
interval is given in more advanced texts. It follows that the inverse trigonometric functions 
are all continuous over their domains. 

We defined the exponential function y = a* in Section 1.5 informally by its graph. 
Recall that the graph was obtained from the graph of y = a* for x a rational number by 
“filling in the holes” at the irrational points x, so the function y = a* was defined to be 
continuous over the entire real line. The inverse function y = log,.x is also continuous. In 
particular, the natural exponential function y = e* and the natural logarithm function 
y = Inx are both continuous over their domains. 


Composites 


All composites of continuous functions are continuous. The idea is that if f(x) is continuous 
at x = c and g(x) is continuous at x = f(c), then go f is continuous at x = c (Figure 2.42). 
In this case, the limit as x > c is g(f(c)). 


sof 


Continuous at c 


Continuous 
i at f(c) \. 
c fo) g(f(c)) 


Continuous 
atc 


FIGURE 2.42 Composites of continuous functions are continuous. 
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THEOREM 9—Composite of Continuous Functions If f is continuous at c and 
g is continuous at f(c), then the composite g° f is continuous at c. 


Intuitively, Theorem 9 is reasonable because if x is close to c, then f(x) is close to 
f(c), and since g is continuous at f(c), it follows that g(f(x)) is close to g(f(c)). 

The continuity of composites holds for any finite number of functions. The only 
requirement is that each function be continuous where it is applied. For an outline of a 
proof of Theorem 9, see Exercise 6 in Appendix 4. 


EXAMPLE 8 Show that the following functions are continuous on their natural 
domains. 
; aah 
(a) y= Vx -— 2x -—5 OS maar areer 
x= 2, x sin x 
= d = 
ae 5-3 mM? +2 
y Solution 


(a) The square root function is continuous on [ 0, 0) because it is a root of the continu- 
ous identity function f(x) = x (Part 7, Theorem 8). The given function is then the 
composite of the polynomial f(x) = x? — 2x — 5 with the square root function 
g(t) = Vit, and is continuous on its natural domain. 


(b) The numerator is the cube root of the identity function squared; the denominator is an 
everywhere-positive polynomial. Therefore, the quotient is continuous. 

(c) The quotient (x — 2)/(x? — 2) is continuous for all x 7 + V2, and the function 
is the composition of this quotient with the continuous absolute value function 


(Example 7). 
FIGURE 2.43 The graph suggests that (d) Because the sine function is everywhere-continuous (Exercise 70), the numerator term 
y = |(xsin x)/(x? + 2)| is continuous x sin x is the product of continuous functions, and the denominator term x” + 2 is an 
(Example 8d). everywhere-positive polynomial. The given function is the composite of a quotient of 
continuous functions with the continuous absolute value function (Figure 2.43). | 


Theorem 9 is actually a consequence of a more general result, which we now state 
and prove. 


THEOREM 10—Limits of Continuous Functions — If g is continuous at the point b 
and lim,_,. f(x) = b, then 


lim,—, g(f@)) = g(b) = g(lim,—, f(x). 


Proof Let € > 0 be given. Since g is continuous at b, there exists a number 6, > 0 
such that 


|g(v) — g(b)| <€ whenever 0 < |y — dl < 8). 


Since lim,_,. f(x) = b, there exists a 6 > 0 such that 


f(x) — b| < 6, whenever 0 < |x —c| <6. 
If we let y = f(x), we then have that 
ly — b| < 8, whenever 0 < |x —c| <6, 


which implies from the first statement that | gly) - 2(b)| = | g(f(x)) - g(b)| < e€ whenever 
0< |x _ c| < 6. From the definition of limit, this proves that lim,_,.g(f(x)) = g(b). = 


We sometimes denote e“ by exp u 
when u is a complicated mathematical 


expression. 


y 
A 
3 os 
ar 
TK 
L L ! £5 
0 1 2 3 4 


FIGURE 2.44 The function 
= l=x<2 
FO = V3. 2<x<4 
does not take on all values between 
fC) = 0 and f(4) = 3; it misses all the 
values between 2 and 3. 
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EXAMPLE 9 As an application of Theorem 10, we have the following calculations. 
: if 3 . , _ (37 
(a) lim cos| 2x + sin| =- + x =cos| lim 2x + lim sin| =-+ x 
x12 2 x2 x 7/2 2 


= cos (7 + sin 277) = cos7 = —1. 


Arcsine is continuous. 


(b) 


4 i 
15 
2. 
5B 

| 

a 
| 
= 
i] 
Sa 
ll 
2. 
=} 

A 
i= 
15 

= 
ly | 

ales os 
So 


Cancel common factor (1 — x). 


= sin! C= 
2 6 
(c) lim Vx+1e*= lim Vx + 1l+exp (:im tan :) Exponential is continuous. 
x x x 
=1-°=1 ia 


Intermediate Value Theorem for Continuous Functions 


Functions that are continuous on intervals have properties that make them particularly use- 
ful in mathematics and its applications. One of these is the Intermediate Value Property. A 
function is said to have the Intermediate Value Property if whenever it takes on two 
values, it also takes on all the values in between. 


THEOREM 11—The Intermediate Value Theorem for Continuous Functions If f is 
a continuous function on a closed interval [ a, b], and if yo is any value between 
f(a) and f(b), then yo = f(c) for some c in [ a, b]. 


¥ 
nN 


y =f) 


f(b) 


f(@) 


Theorem 11 says that continuous functions over finite closed intervals have the Inter- 
mediate Value Property. Geometrically, the Intermediate Value Theorem says that any 
horizontal line y = yo crossing the y-axis between the numbers f(a) and f(b) will cross 
the curve y = f(x) at least once over the interval [ a, b]. 

The proof of the Intermediate Value Theorem depends on the completeness property 
of the real number system (Appendix 7) and can be found in more advanced texts. 

The continuity of f on the interval is essential to Theorem 11. If f is discontinuous at 
even one point of the interval, the theorem’s conclusion may fail, as it does for the func- 
tion graphed in Figure 2.44 (choose yp as any number between 2 and 3). 


A Consequence for Graphing: Connectedness Theorem 11 implies that the graph of a 
function continuous on an interval cannot have any breaks over the interval. It will be 
connected—a single, unbroken curve. It will not have jumps like the graph of the greatest 
integer function (Figure 2.39), or separate branches like the graph of 1/x (Figure 2.41). 
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y=4-x 


>X 
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I 
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FIGURE 2.46 The curves 
y= V2x+ 5andy=4- x 
have the same value at x = c where 


V2x +5 = 4 — x? (Example 11). 


A Consequence for Root Finding We call a solution of the equation f(x) = 0 a root of 
the equation or zero of the function f. The Intermediate Value Theorem tells us that if f is 
continuous, then any interval on which f changes sign contains a zero of the function. 

In practical terms, when we see the graph of a continuous function cross the horizon- 
tal axis on a computer screen, we know it is not stepping across. There really is a point 
where the function’s value is zero. 


EXAMPLE 10 — Show that there is a root of the equation x7 — x — 1 = 0 between | and 2. 


Solution Let f(x) =x7>—x-— 1. Since f(1)=1—-—1-—-1=-1<0 and f2)= 
23 — 2 —1=5> 0, we see that y) = 0 is a value between f(1) and f(2). Since f is 
continuous, the Intermediate Value Theorem says there is a zero of f between | and 2. 
Figure 2.45 shows the result of zooming in to locate the root near x = 1.32. B 


1.320 


1) 1.330 1.3240 1.3248 


—0.02 —0.003 


FIGURE 2.45 Zooming in on a zero of the function f(x) = x° — x — 1. The zero is near 
x = 1.3247 (Example 10). 


EXAMPLE 11 Use the Intermediate Value Theorem to prove that the equation 


V2x+5=4-x 


has a solution (Figure 2.46). 


Solution We rewrite the equation as 


VIx+5+72=4, 


and set f(x) = V2x + 5 + x”. Now g(x) = V2x+ 5 is continuous on the interval 
[—5/2, co) since it is the composite of the square root function with the nonnegative linear 


function y = 2x + 5. Then f is the sum of the function g and the quadratic function y = x’, 


and the quadratic function is continuous for all values of x. It follows that f(x) = V2x + 5 
+ x? is continuous on the interval [—5 /2, 00). By trial and error, we find the function values 
f(O) = V5 ~ 2.24 and fQ= V9+4= 7, and note that f is also continuous on the 
finite closed interval [0,2] C [—5/2, 00). Since the value yo = 4 is between the numbers 
2.24 and 7, by the Intermediate Value Theorem there is a number c < [0,2] such that 
f(c) = 4. That is, the number c solves the original equation. | 


> X 


>X 


(b) 


FIGURE 2.48 (a) The graph 
of f(x) and (b) the graph of 

its continuous extension F(x) 
(Example 12). 
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Continuous Extension to a Point 


Sometimes the formula that describes a function f does not make sense at a point x = c. 
It might nevertheless be possible to extend the domain of f, to include x = c, creating a 
new function that is continuous at x = c. For example, the function y = f(x) = (sin x)/x 
is continuous at every point except x = 0, since the origin is not in its domain. Since 
y = (sinx)/x has a finite limit as x0 (Theorem 7), we can extend the function’s 
domain to include the point x = 0 in such a way that the extended function is continuous 
at x = 0. We define the new function 


; x #0 
Fa)=< * 
1, x = 0. 
The function F(x) is continuous at x = 0 because 
a 


so it meets the requirements for continuity (Figure 2.47). 


>< 
3 


(a) (b) 


FIGURE 2.47 The graph (a) of f(x) = (sinx)/x for -—7/2 < x S 7/2 does not include 
the point (0, 1) because the function is not defined at x = 0. (b) We can remove the discon- 
tinuity from the graph by defining the new function F(x) with F(O) = 1 and F(x) = f(x) 
everywhere else. Note that F(0) = lim,.9 f(x). 


More generally, a function (such as a rational function) may have a limit at a point 
where it is not defined. If f(c) is not defined, but lim,_,.. f(x) = L exists, we can define a 
new function F(x) by the rule 


f@), if x is in the domain of f 
FQ) = 
i, ifx =c. 


The function F is continuous at x = c. It is called the continuous extension of f to 
x = c. For rational functions f, continuous extensions are often found by canceling com- 
mon factors in the numerator and denominator. 


EXAMPLE 12 Show that 


has a continuous extension to x = 2, and find that extension. 


Solution Although f(2) is not defined, if x # 2 we have 


wetx—-6 O&-2H+3) 7~ +3 
IDA) 6 EDD) ee 


The new function 


XS 
x2 


F(x) = 


102 
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is equal to f(x) for x # 2, but is continuous at x = 2, having there the value of 5/4. Thus 


F is the continuous extension of f to x = 2, and 
2 

Lok to 6 : 5 

lim —,——— = lim f(x) = 5. 

x2 x? —4 x2 A ) 4 


The graph of f is shown in Figure 2.48. The continuous extension F' has the same graph 
except with no hole at (2, 5/4). Effectively, F is the function f with its point of disconti- 


nuity at x = 2 removed. a 
Exercises 25 
Continuity from Graphs 5. a. Does f(—1) exist? 
In Exercises 1—4, say whether the function graphed is continuous on b. Does lim,_,_; f(x) exist? 
[—1, 3]. If not, where does it fail to be continuous and why? a 
‘ ° ; ce. Does lim,._)+ f(x) = f(-1)? 
: ° d. Is f continuous at x = —1? 
y 
nN 4 6. a. Does f(1) exist? 
y = g(x) b. Does lim,_,, f(x) exist? 
c. Does lim,—, f(x) = fC)? 
d. Is f continuous at x = 1? 
7. a. Is f defined at x = 2? (Look at the definition of f.) 
>X x 
-1 0 1 2 3 =1- 0 1 2 a b. Is f continuous at x = 2? 
3. 4. 8. At what values of x is f continuous? 
9. What value should be assigned to f(2) to make the extended 
y y function continuous at x = 2? 
y = h(x) y= ho 10. To what new value should f(1) be changed to remove the discon- 
9 = 2 tinuity? 
Se of 
Applying the Continuity Test 
| | | [5 | | gy At which points do the functions in Exercises 11 and 12 fail to be con- 
=1 0 1 2 3 = 2 , tinuous? At which points, if any, are the discontinuities removable? 
Not removable? Give reasons for your answers. 
Exercises 5-10 refer to the function 11. Exercise 1, Section 2.4 12. Exercise 2, Section 2.4 
eal, =fSz2=0 At what points are the functions in Exercises 13-30 continuous? 
2x. O0<x< 1 1 1 
fo =4 1, x= ea “4 -Gay4 
—2x + 4, l1<x<2 
0, 2<x<3 1S: See ipo 
“x? — 4x + 3 x? — 3x — 10 
raphed in the accompanying figure. 2 
es eae 17. y= |x—1)| + sinx i pee Se 
|x| +1 2 
h 
y= _ COs x _—xt2 
y ree 19. y= 20. y = Gosx 
TX 
y = 2x j= ay 44 21. y = csc 2x 22. y = tan” 
j 44] 
= oe a are myn T 
—K 9 1 5 3 x sin’ x 
| Le sad 25. y= V2x +3 26. y = W3x -1 
y=xr-1 
_ _— 41/3 = (9 — yl/5 
The graph for Exercises 5-10. 27. y = (2x — 1) 28. y = (2 — »)!/ 


Dy = he, 
7 7 S x #3 
29. g(x) = = 3 
5s x= 3 
aos 
= x 2k 2 
ve 
+ £@) = 3, x=2 
4, x=-2 


Limits Involving Trigonometric Functions 

Find the limits in Exercises 31-38. Are the functions continuous at the 
point being approached? 

31. lim sin(x — sin x) 32, lim sin(Z cos (tan d) 

pare 


xa 


33. lim sec (y sec? y — tan? y — 1) 
y> 


34. lim wan( 7 cos (sin 28) 
x0 4 


35. lim cos (=) 36. lim Vesc?x + 5V3 tanx 
1>0 V 19 — 3 sec 2t x>7116 
37. lim, sin (g *) 38. lim cos ! (In Vx) 


Continuous Extensions 

39. Define 9(3) in a way that extends g(x) = (x? — 9)/(x — 3) tobe 
continuous at x = 3. 

40. Define h(2) in a way that extends h(t) = (7 + 3t — 10)/(t — 2) 
to be continuous at tf = 2. 

41. Define f(1) in a way that extends f(s) = (s* — 1)/(s? — 1) tobe 
continuous at s = 1. 


42. Define g(4) in a way that extends 


g(x) = 0? — 16)/(0? — 3x — 4) 
to be continuous at x = 4. 
43. For what value of a is 
as x <3 
- 2ax, KE 3 
continuous at every x? 
44. For what value of b is 
(x) e Pa a 
x) = 
g bx?, =>-2 


continuous at every x? 


45. For what values of a is 
fo) ax —2a, x=2 

x) = 
12, x2 


continuous at every x? 


46. For what value of b is 


moieer =" 


r+b, x>0 


continuous at every x? 
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47. For what values of a and b is 


ie x=s-l 
fi) =Saxr—b, -1<x<1 
3; x21 
continuous at every x? 
48. For what values of a and b is 
ax + 2b, x=0 
g(x) = rt+3a-—b, 0<x=2 
3% — 3, x S 2 


continuous at every x? 


In Exercises 49-52, graph the function f to see whether it appears to 
have a continuous extension to the origin. If it does, use Trace and Zoom 
to find a good candidate for the extended function’s value at x = 0. If 
the function does not appear to have a continuous extension, can it be 
extended to be continuous at the origin from the right or from the left? If 
so, what do you think the extended function’s value(s) should be? 


— Ix] _ 

49. f(x) = a 50. f(®) = as 

51. f(x) = eh 52. f(x) = (1 + 20)" 
x 


Theory and Examples 

53. A continuous function y = f(x) is known to be negative at 
x = 0 and positive at x = 1. Why does the equation f(x) = 0 
have at least one solution between x = 0 and x = 1? Illustrate 
with a sketch. 


54. Explain why the equation cosx = x has at least one solution. 


55. Roots of a cubic Show that the equation x* — 15x + 1 = 0 
has three solutions in the interval [—4, 4]. 


56. A function value Show that the function F(x) = (x — a)?- 
(x — b)? + x takes on the value (a + b)/2 for some value of x. 


57. Solving an equation If f(x) = x* — 8x + 10, show that there 
are values c for which f(c) equals (a) 7; (b) — V3; (c) 5,000,000. 


58. Explain why the following five statements ask for the same infor- 
mation. 


a. Find the roots of f(x) = x3 — 3x — 1. 


b. Find the x-coordinates of the points where the curve y = x7 
crosses the line y = 3x + 1. 


c. Find all the values of x for which x? — 3x = 1. 


d. Find the x-coordinates of the points where the cubic curve 
y = x? — 3x crosses the line y = 1. 


e. Solve the equation x* — 3x — 1 = 0. 


59. Removable discontinuity Give an example of a function f(x) 
that is continuous for all values of x except x = 2, where it has 
a removable discontinuity. Explain how you know that f is dis- 
continuous at x = 2, and how you know the discontinuity is 
removable. 


60. Nonremovable discontinuity Give an example of a function 
g(x) that is continuous for all values of x except x = —1, where it 
has a nonremovable discontinuity. Explain how you know that g 
is discontinuous there and why the discontinuity is not removable. 
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61. 


62. 


63. 


64. 


65. 


66. 


67. 
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A function discontinuous at every point 


a. Use the fact that every nonempty interval of real numbers 
contains both rational and irrational numbers to show that the 
function 


1, if xis rational 
f(x) = aa 
0, if x is irrational 


is discontinuous at every point. 
b. Is f right-continuous or left-continuous at any point? 


If functions f(x) and g(x) are continuous for 0 = x = 1, could 
f(x)/g(x) possibly be discontinuous at a point of [0,1]? Give 
reasons for your answer. 


If the product function h(x) = f(x) g(x) is continuous at x = 0, 
must f(x) and g(x) be continuous at x = 0? Give reasons for 
your answer. 


Discontinuous composite of continuous functions Give an 
example of functions f and g, both continuous at x = 0, for 
which the composite f° g is discontinuous at x = 0. Does this 
contradict Theorem 9? Give reasons for your answer. 


Never-zero continuous functions Is it true that a continuous 
function that is never zero on an interval never changes sign on 
that interval? Give reasons for your answer. 


Stretching a rubber band _Is it true that if you stretch a rubber 
band by moving one end to the right and the other to the left, 
some point of the band will end up in its original position? Give 
reasons for your answer. 


A fixed point theorem Suppose that a function f is continuous 
on the closed interval [0,1] and that 0 = f(x) = 1 for every x 
in [0, 1]. Show that there must exist a number c in [0,1] such 
that f(c) = c (c is called a fixed point of f). 


68. The sign-preserving property of continuous functions Let f 
be defined on an interval (a,b) and suppose that f(c) # 0 at 
some c where f is continuous. Show that there is an interval 
(c — 6,c + 6) about c where f has the same sign as f(c). 


69. Prove that f is continuous at c if and only if 
lim f(c + h) = flo). 


70. Use Exercise 69 together with the identities 


sin(h + c) =sinhcosc + coshsinc, 


cos(h + c) = coshcosc — sinh sinc 


to prove that both f(x) = sin x and g(x) = cos x are continuous 
at every point x = c. 


Solving Equations Graphically 

Use the Intermediate Value Theorem in Exercises 71—78 to prove that 
each equation has a solution. Then use a graphing calculator or com- 
puter grapher to solve the equations. 


71. x — 3x -1=0 

72. 2x3 — 2x7 - 2x + 1=0 
73. xx - 1% = 1 
74, x* = 2 

75. Vx+ Vi tx=4 

76. x7 — 15x + 1=0 (three roots) 


77. cosx = x (one root). Make sure you are using radian mode. 


(one root) 


78. 2sinx =x (three roots). Make sure you are using radian 
mode. 


2 6 Limits Involving Infinity; Asymptotes of Graphs 


FIGURE 2.49 The graph of y = 1/x 
approaches 0 as x > ©O or x > —00, 


In this section we investigate the behavior of a function when the magnitude of the inde- 
pendent variable x becomes increasingly large, or x — +00. We further extend the con- 
cept of limit to infinite limits, which are not limits as before, but rather a new use of the 
term limit. Infinite limits provide useful symbols and language for describing the behavior 
of functions whose values become arbitrarily large in magnitude. We use these limit ideas 
to analyze the graphs of functions having horizontal or vertical asymptotes. 


Finite Limits as x +00 


The symbol for infinity (Co) does not represent a real number. We use © to describe the 
behavior of a function when the values in its domain or range outgrow all finite bounds. 
For example, the function f(x) = 1/x is defined for all x # O (Figure 2.49). When x is 
positive and becomes increasingly large, 1/x becomes increasingly small. When x is 
negative and its magnitude becomes increasingly large, 1/x again becomes small. We 


summarize these observations by saying that f(x) = 1/x has limit 0 as x00 or 


cise definitions. 


x —> —00, or that 0 is a limit of f(x) = 1/x at infinity and negative infinity. Here are pre- 


No matter what 
positive number € is, 
the graph enters 
this band at x = 
and stays. 


>< 


1 


é€ 


No matter what 
positive number € is, 
the graph enters 

this band at x = —< 
and stays. 


FIGURE 2.50 The geometry behind the 
argument in Example 1. 
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DEFINITIONS 
1. We say that f(x) has the limit L as x approaches infinity and write 


jim, f@=L 
if, for every number € > 0, there exists a corresponding number M such that 
for all x 
x>M => lf@) - L| <e. 
2. We say that f(x) has the limit Z as x approaches minus infinity and write 
Jim IW=L 


if, for every number € > 0, there exists a corresponding number WN such that 
for all x 


x<N => lf) - L| <e. 


Intuitively, lim,—oo f(x) = L if, as x moves increasingly far from the origin in the positive 
direction, f(x) gets arbitrarily close to L. Similarly, lim,—.-. f(x) = L if, as x moves 
increasingly far from the origin in the negative direction, f(x) gets arbitrarily close to L. 
The strategy for calculating limits of functions as x + +00 is similar to the one for 
finite limits in Section 2.2. There we first found the limits of the constant and identity 
functions y = k and y = x. We then extended these results to other functions by applying 
Theorem | on limits of algebraic combinations. Here we do the same thing, except that the 
starting functions are y = k and y = 1/x instead of y = k and y = x. 
The basic facts to be verified by applying the formal definition are 
im, & =k and lim = 0. (1) 


xo too % 


We prove the second result in Example 1, and leave the first to Exercises 87 and 88. 


EXAMPLE 1 Show that 


(a) lim += 0 (b) lim $= 0. 


Solution 
(a) Let € > 0 be given. We must find a number M such that for all x 


1 
x| <é: 


x >M => . 


- ol = 


The implication will hold if M = 1/e or any larger positive number (Figure 2.50). 
This proves lim,—soo(1/x) = 0. 
(b) Let € > 0 be given. We must find a number N such that for all x 


x<N => > - 0 dee. 


x | = 


The implication will hold if N = —1/e or any number less than —1/e (Figure 2.50). 
This proves lim,—.—oo (1/x) = 0. | 


Limits at infinity have properties similar to those of finite limits. 


THEOREM 12 All the Limit Laws in Theorem | are true when we replace 
lim,_.. by lim,—... or lim,—,_.o. That is, the variable x may approach a finite 
number c or +00, 
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FIGURE 2.51 The graph of the func- 
tion in Example 3a. The graph approaches 
the line y = 5/3 as |x| increases. 


FIGURE 2.52 The graph of the 
function in Example 3b. The graph 


approaches the x-axis as |x| increases. 


EXAMPLE 2 The properties in Theorem 12 are used to calculate limits in the same 
way as when x approaches a finite number c. 


(a) lim (s + 1) = lim 5+ lim u Sum Rule 


x 00 X00 xo © 
=5+0=5 Known limits 
: 3 . 
(b) lim V3 = lim Vote 
a7 OO OX X= =O: . 
ae ft : 1 ‘ 1 
= lim wV3- lim x° lim 5 ‘Product Rule 
X—>—0O xX——0O X—>—CO 
= 7V3-0°0=0 Known limits B 


Limits at Infinity of Rational Functions 


To determine the limit of a rational function as x > +0, we first divide the numerator 
and denominator by the highest power of x in the denominator. The result then depends on 
the degrees of the polynomials involved. 


EXAMPLE 3 These examples illustrate what happens when the degree of the numera- 
tor is less than or equal to the degree of the denominator. 


5x7 + 8x — 3 li oF (8/x) si (3/x?) Divide numerator and 


(a) im, cio e Le 3 + (2/x) denominator by x?. 
_3 an os 2 See Fig. 2.51. 
llx + 2 , ie) AR) Divide numerator and 
A a > Oe ie denominator by x°. 
= 3 7 7 =0 See Fig. 2.52. | 


Cases for which the degree of the numerator is greater than the degree of the denomi- 
nator are illustrated in Examples 10 and 14. 


Horizontal Asymptotes 


If the distance between the graph of a function and some fixed line approaches zero as a 
point on the graph moves increasingly far from the origin, we say that the graph approaches 
the line asymptotically and that the line is an asymptote of the graph. 

Looking at f(x) = 1/x (see Figure 2.49), we observe that the x-axis is an asymptote 
of the curve on the right because 


_% 
and on the left because 
Raat x ~ ” 


We say that the x-axis is a horizontal asymptote of the graph of f(x) = 1/x. 


DEFINITION A line y = b is a horizontal asymptote of the graph of a func- 
tion y = f(x) if either 


lim f@)=6b or lim _f@) = b. 


3-2 
|x| +1 


fa) = 


FIGURE 2.53 The graph of the 
function in Example 4 has two 
horizontal asymptotes. 


>< 


N=Ine | 


FIGURE 2.54 The graph of y = e* 


approaches the x-axis as x — —Co 
(Example 5). 
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The graph of the function 


5x? + 8x - 3 


FO) 3 +2 


sketched in Figure 2.51 (Example 3a) has the line y = 5/3 as a horizontal asymptote on 
both the right and the left because 


lim f@) = 2 and lim, f(x) = 3. 


EXAMPLE 4 Find the horizontal asymptotes of the graph of 


we 2 


fx) = eet 


Solution We calculate the limits as x > +00, 


9 as oo, f= fe 
Forx 20: lim {—* = jim S— = tim cee 
x00 |x|? +1 xo x? + I xoo | + (1/x°) 


1 — (2/x3) 


Forx <0: lim i = lim im 
gone lg, ge soelag yt I eset (1/34) 


The horizontal asymptotes are y = —1 and y = 1. The graph is displayed in Figure 
2.53. Notice that the graph crosses the horizontal asymptote y = —1 for a positive value 
of x. oO 


EXAMPLE 5 The x-axis (the line y = 0) is a horizontal asymptote of the graph of 
y = e* because 


lim e = 
x——0O 


To see this, we use the definition of a limit as x approaches —0o. So let € > 0 be given, 
but arbitrary. We must find a constant N such that for all x, 


oN = |#=—Ol<e 
Now |e* — 0| = e*, so the condition that needs to be satisfied whenever x < N is 
OG 


Let x = N be the number where e* = e. Since e* is an increasing function, if x < N, 
then e* < e. We find N by taking the natural logarithm of both sides of the equation 
e’ = €,s0 N = Ine (see Figure 2.54). With this value of N the condition is satisfied, and 
we conclude that lim,,-.e* = 0. | 


EXAMPLE 6 Find (a) lim sin (1 /x) and (b) lim x sin(1/x). 


Solution 
(a) We introduce the new variable t = 1/x. From Example 1, we know that t— Ot as 
x — © (see Figure 2.49). Therefore, 


: _ 1 fen ok 
lim sin: = lim sint = 0. 
x00 t>0r 
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ee | 
y=xsin > 


| >Xx 


FIGURE 2.55 The line y = lisa 
horizontal asymptote of the function 
graphed here (Example 6b). 


FIGURE 2.56 The graph of y = e!/* 
for x < 0 shows lim,—9- e!/* = 
(Example 7). 


! ! Si 
—37 -27 -7 O aw Www 307 


FIGURE 2.57 A curve may cross one of 
its asymptotes infinitely often (Example 8). 


(b) We calculate the limits as x 00 and x > —oo: 


; | . sint ; re . sint 
lim xsinx lim — = 1 and lim x siny = lim — = 1. 


x 0O ~ ior f X—>—0O ro fF 
The graph is shown in Figure 2.55, and we see that the line y = | is a horizontal 


asymptote. a 


Likewise, we can investigate the behavior of y = f(1/x) as x 0 by investigating 
y = f() as t— £0, where t = 1/x. 


EXAMPLE 7 Find lim e'/ ae 


Solution We let t = 1/x. From Figure 2.49, we can see that t—> —0o as x > 0°. (We 
make this idea more precise further on.) Therefore, 


lime!/* = lim e = 0 Example 5 


0" t>—0o 


(Figure 2.56). i 


The Sandwich Theorem also holds for limits as x > +00. You must be sure, though, 
that the function whose limit you are trying to find stays between the bounding functions 
at very large values of x in magnitude consistent with whether x — 00 or x — —0ov, 


EXAMPLE 8 Using the Sandwich Theorem, find the horizontal asymptote of the curve 
yaa sine 


Solution We are interested in the behavior as x — +00. Since 


1 
x 


and lim,.+00|1/x| = 0, we have lim,—+.0.(sin x)/x = 0 by the Sandwich Theorem. 
Hence, 


sin x 
x 


tim (2 + )=2+0=2 


x +00 

and the line y = 2 is a horizontal asymptote of the curve on both left and right (Figure 2.57). 
This example illustrates that a curve may cross one of its horizontal asymptotes many 
times. a 


EXAMPLE 9 Find lim (x — Vx? + 16). 


x2 CO 


Solution Both of the terms x and Vx? + 16 approach infinity as x — 00, so what hap- 
pens to the difference in the limit is unclear (we cannot subtract Co from 0° because the 
symbol does not represent a real number). In this situation we can multiply the numerator 
and the denominator by the conjugate radical expression to obtain an equivalent algebraic 
result: 


. . + Vx? + 16 
lim (x — Vx2 + 16) = lim £2 V2 + 16) 
Jim ( ) tim ( i. + Vx24+ 16 


im : 
xPOy + Vx27416 2°%x + Vx? + 16 


The vertical distance 
between curve and 
line goes to zero as x > © 


Oblique 
asymptote 


>X 


FIGURE 2.58 The graph of the function 
in Example 10 has an oblique asymptote. 


You can get as high 
as you want by 
taking x close enough 
to 0. No matter how 
high B is, the graph 
goes higher. 


No matter how 
low —B is, the 
graph goes lower. 


You can get as low as\ @ —B 


you want by taking 
x close enough to 0. 


FIGURE 2.59 One-sided infinite limits: 


lim : = 00 and 


x0r* 


eal | 
lim 3 = —°%. 
x20" 
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As x — 00, the denominator in this last expression becomes arbitrarily large, so we see that 
the limit is 0. We can also obtain this result by a direct calculation using the Limit Laws: 


—16 . ax 0 
= lim = 
Ver + 16 a de xr, 16 Ler le 6 
x? x? 


lim 
xX>COy + 


= 0. 


Oblique Asymptotes 


If the degree of the numerator of a rational function is 1 greater than the degree of the 
denominator, the graph has an oblique or slant line asymptote. We find an equation for 
the asymptote by dividing numerator by denominator to express f as a linear function plus 
a remainder that goes to zero as x > +00, 


EXAMPLE 10 Find the oblique asymptote of the graph of 
_x-3 
PO) = 954 
in Figure 2.58. 


Solution We are interested in the behavior as x > 00. We divide (2x — 4) into 
(x2 — 3): 


x 
sed 


2x — 4)x2 — 3 
x? — 2x 
2x = 3 
2x — 4 
1 


-(3+1)+(543). 


Ca? epee 
linear g(x) remainder 


This tells us that 


7-3 
2x — 4 


fQ@) = 


As x— +00, the remainder, whose magnitude gives the vertical distance between the 
graphs of f and g, goes to zero, making the slanted line 


ga) = 541 


an asymptote of the graph of f (Figure 2.58). The line y = g(x) is an asymptote both to the 
right and to the left. The next subsection will confirm that the function f(x) grows arbitrarily 
large in absolute value as x — 2 (where the denominator is zero), as shown in the graph. Hi 


Notice in Example 10 that if the degree of the numerator in a rational function is greater 
than the degree of the denominator, then the limit as |x| becomes large is +00 or —0O, 
depending on the signs assumed by the numerator and denominator. 


Infinite Limits 


Let us look again at the function f(x) = 1/x. As x0", the values of f grow without 
bound, eventually reaching and surpassing every positive real number. That is, given any 
positive real number B, however large, the values of f become larger still (Figure 2.59). 
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FIGURE 2.60 Near x = 1, the func- 
tion y = 1/(x — 1) behaves the way the 
function y = 1/x behaves near x = 0. Its 
graph is the graph of y = 1/x shifted 

1 unit to the right (Example 11). 


No matter how 
Be—_ high B is, the graph 
goes higher. 


= 
be 
& 
il 
ae 
in} 


| | 
| | 
| | 
| | 
o e >Xx 
x 0 x 


FIGURE 2.61 The graph of f(x) in 
Example 12 approaches infinity as x > 0. 


Thus, f has no limit as x > 0°. It is nevertheless convenient to describe the behavior of f 
by saying that f(x) approaches 00 as x — 0*. We write 


F ee | 
1 = lim ; = ©. 
pats FO) ore 


In writing this equation, we are not saying that the limit exists. Nor are we saying that there 
is areal number ©8, for there is no such number. Rather, we are saying that lim,—.9+ (1 /x) 
does not exist because 1/x becomes arbitrarily large and positive as x > 0°. 

As x07, the values of f(x) = 1/x become arbitrarily large and negative. Given 
any negative real number —B, the values of f eventually lie below —B. (See Figure 2.59.) 
We write 


: | 
lim f(x) = lim ; = —00, 
xr FC ) x0 * 
Again, we are not saying that the limit exists and equals the number —°°. There is no real 


number —°o. We are describing the behavior of a function whose limit as x ~ 0° does not 
exist because its values become arbitrarily large and negative. 


EXAMPLE 11 Find lim —1— and lim —1—. 
xoltx — 1 xorx—- 1 

Geometric Solution The graph of y = 1/(x — 1) is the graph of y = 1/x shifted 1 

unit to the right (Figure 2.60). Therefore, y = 1/(x — 1) behaves near | exactly the way 

y = 1/x behaves near 0: 


lim = CO and lim 


= 00, 
x 1t xX go1- x = 1 


Analytic Solution Think about the number x — 1 and its reciprocal. As x > 1*, we 
have (x — 1)—0* and I/(x — 1) 00. As x—> 1°, we have (x — 1)—0° and 
1/@ — 1)>-00, r 


EXAMPLE 12 Discuss the behavior of 
f@ = A as x0. 
x 


Solution As x approaches zero from either side, the values of 1/x? are positive and 
become arbitrarily large (Figure 2.61). This means that 


: ne | 
] =lm >=. 
pa, FQ) 6 x 


The function y = 1/x shows no consistent behavior as x > 0. We have 1 /x— 00 if 
x— 0t, but 1/x—>—0o if x >0-. All we can say about lim,—.) (1/x) is that it does not 
exist. The function y = | /x? is different. Its values approach infinity as x approaches zero 
from either side, so we can say that lim, (1 /x”) = 00. H 


EXAMPLE 13 These examples illustrate that rational functions can behave in various 
ways near zeros of the denominator. 


ia) fie a i en iy 
x2 x2 4 x2 (x — 2)(x + 2) x72x+2 
oD ue x= 2 = a ee | 

tad 236-2652) ose. 4 


FIGURE 2.62 Forc-—d<x<ct+6, 
the graph of f(x) lies above the line y = B. 


>< 


FIGURE 2.63 Forc-—d<x<c+t+6, 
the graph of f(x) lies below the line 
y= -B, 
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. = —3 The values are negative 
(c) lim 7 = lim = = —00 4 
wry —4 yoo (x — 2)(x + 2) for x > 2, x near 2. 
; pes : x—3 The values are positive 
= = 0o 
(d) jim pad jim @ —Da+2) for x < 2, x near 2. 
= é x= 3 : 
(e) iim 224° iim @— Dat 2 does not exist. See parts (c) and (d). 
2% se es -1 


f) lim = lim = lim =— 

® rm2(ae-27 r2@-27 x2 - 2/ 

In parts (a) and (b) the effect of the zero in the denominator at x = 2 is canceled 
because the numerator is zero there also. Thus a finite limit exists. This is not true in part 
(f), where cancellation still leaves a zero factor in the denominator. | 


EXAMPLE 14. Find lim 228% +1 


xo 3x7 +x -— 7 
Solution We are asked to find the limit of a rational function as x ~ —©%, so we divide 
the numerator and denominator by x’, the highest power of x in the denominator: 
2x5 — 6x4 + 1 . 2x3 — 6x7 + x? 
5 = lim =| = 
x>-00 3x +x -—7 x>-0 3+ x — Tx 


2x2(x — 3) + x? 


because the numerator tends to —co while the denominator approaches 3 as x >—oo, Hi 


Precise Definitions of Infinite Limits 


Instead of requiring f(x) to lie arbitrarily close to a finite number L for all x sufficiently 
close to c, the definitions of infinite limits require f(x) to lie arbitrarily far from zero. 
Except for this change, the language is very similar to what we have seen before. Figures 2.62 
and 2.63 accompany these definitions. 


DEFINITIONS 


1. We say that f(x) approaches infinity as x approaches c, and write 
lim f(x) = ©, 


X76 


if for every positive real number B there exists a corresponding 6 > 0 such 
that for all x 


0< |x-cl <8 =>  fe>s. 
2. We say that f(x) approaches minus infinity as x approaches c, and write 
lim f(x) = —-©%, 
if for every negative real number —B there exists a corresponding 6 > 0 


such that for all x 


0<|x-—c| <6 => f(x) < -B. 


The precise definitions of one-sided infinite limits at c are similar and are stated in the 
exercises. 


EXAMPLE 15 Prove that lim Law, 
x0 X™ 
Solution Given B > 0, we want to find 6 > 0 such that 


0 < |x —0| <6 implies TR. 
x 


Now, 
Lep and only if weet 
x? . B 
or, equivalently, 
1 
KS Se 
Ht VB 
Thus, choosing 6 = 1/ VB (or any smaller positive number), we see that 
|x| <5 implies FS les B. 
vr 6 


Therefore, by definition, 


\y ical * ditey ae 


y 


Vertical asymptote 


lim 4 = 09 lim 4 = oo, 
Horizontal i i Solder 
orizonta = 
asymptote ; S agdan K | A 
x a 
1 Horizontal yakila fa/\ ya as 
asymptote, 
y=0 
Vertical asymptote, 
x=0 
d lim, f(%) = £00 lim f(x) = +00, 
ag dike 
x43 x +5 7 xt$ ola — V 
my = FT OFT OPE. | Find the horizontal and vertical| asymptotes of the curve 
yer 2) olur ” yelay | len yz3 00 

+ J y= tt? X> Lye yat{ las . 1 
X> “2 ay 2 olacaKfin 
S odo Solution We are interested in the behavior as x and the behavior as x ~ —2, 

where the denominator is zero. 
y ak\ a kon The asymptotes are quickly revealed if we recast the rational function as a polynomial 
with a remainder, by dividing (x + 2) into (x + 3): x +4 


a} tn = oe in 9 
A= = “ (Vertical 30g HL aor 


lin = GPL OS glur ) fea, 110 
Kerk Hey ells fy A 2 ay 
solder yeKlassalien di ‘ nde (yt Fee) 7S | @) 


ae 2 dike 
{+0 rE -Gd 


xe Zis a Vere cd [dike asynplale 


3 3 
iM a < Ates Aa*3) Urs) 
X—> -00 klr+2) 44 
(dikey} y 


Vertical 


asymptote, 
eS 2. 


AY!) Hon 
ODN ya K Jas 


Horizontal 


lin se -(2 Se) 
nok 
saqeon QF -00 4 @ 
, im Bis 2)(x#2) fQ@) = _ Ore d \ 
ahlos/ "x-+3° Galas): 0 Mah ste oc DY) gelise Pour 
ie We are interested in the behavior as x ~ +0O and as x > +2, where the 


denominator is zero. Notice that f is an even function of x, so its graph is symmetric with 
respect to the y-axis. 


(a) The behavior as x > £00. Since lim, f(x) = 0, the line y = 0 is a horizontal 


y asymptote of the graph to the right. By symmetry it is an asymptote to the left as well 
t 8 (Figure 2.66). Notice that the curve approaches the x-axis from only the negative side 
WES Oooh (or from below). Also, f(O) = 2. 
(b) The behavior as x > £2. Since 
Vertical ’ : 
Vertical asymptote, x = 2 lim, f(x) = -o° and lim. fw = 
asymptote, Horizontal : : ‘ : ‘ j 
x=-2 asymptote, y = 0 the line x = 2 is a vertical asymptote both from the right and from the left. By sym- 
I metry, the line x = —2 is also a vertical asymptote. 
=3-2-10] 1 2 3 * There are no other asymptotes because f has a finite limit at all other points. 
F EXAMPLE 18 The graph of the natural logarithm function has the y-axis (the line 
[ x = 0) asa vertical asymptote. We see this from the graph sketched in Figure 2.67 (which 
is the reflection of the graph of the natural exponential function across the line y = x) and 
FIGURE 2.66 Graph of the function the fact that the x-axis is a horizontal asymptote of y = e* (Example 5). Thus, 
in Example 17. Notice that the curve . 2 
approaches the x-axis from only one side. as = Pe a = () 
Asymptotes do not have to be two-sided. The same result is true for y = log, x whenever a > 1. ~ 


EXAMPLE 19 The curves 


sin x 


1 
y = sec x = oogx and y = tanx = oogx 


both have vertical asymptotes at odd-integer multiples of 7/2, where cos x = 0 (Figure 2.68). 


Dominant Terms 


In Example 10 we saw that by long division we could rewrite the function 


f0) = 54 
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(b) 


FIGURE 2.69 The graphs of f and 
g are (a) distinct for |x| small, and 
(b) nearly identical for |x| large 
(Example 20). 


bd 
; y = sec x y = tanx 
1 
1 1 >Xx >Xx 
_3r-m x 9 a a) Ly A AW 7 3 


FIGURE 2.68 The graphs of sec x and tan x have infinitely many vertical asymptotes 
(Example 19). Oo 


as a linear function plus a remainder term: 


FO) = (5+ 1) = (44). 


This tells us immediately that 


x 1 
f(x) = 5 +1 For |x| large, 7 is near 0. 
1 : : : 
f@® = Ie —4 For x near 2, this term is very large in absolute value. 


If we want to know how f behaves, this is the way to find out. It behaves like 
y = («/2) + 1 when |x| is large and the contribution of 1 /(2x — 4) to the total value of f 
is insignificant. It behaves like 1/(2x — 4) when x is so close to 2 that 1/(2x — 4) makes 
the dominant contribution. 

We say that (x/2) + 1 dominates when x is numerically large, and we say that 
1/(2x — 4) dominates when x is near 2. Dominant terms like these help us predict a 
function’s behavior. 


EXAMPLE 20 Let f(x) = 3xt — 2x3 + 3x? — 5x + 6 and g(x) = 3x*. Show that 
although f and g are quite different for numerically small values of x, they are virtually 
identical for |x| very large, in the sense that their ratios approach | as x — ©O or x > —00, 


Solution The graphs of f and g behave quite differently near the origin (Figure 2.69a), 
but appear as virtually identical on a larger scale (Figure 2.69b). 

We can test that the term 3x* in f, represented graphically by g, dominates the poly- 
nomial f for numerically large values of x by examining the ratio of the two functions as 
x — +00, We find that 

f@) _ 3xt — 2x3 + 3x? — Sx + 6 


us g(x) ~ a 3x4 


im (1 2 gil 5+) 


x too 5 ae a 
= 1, 
which means that f and g appear nearly identical when |x| is large. a 


Summary 


In this chapter we presented several important calculus ideas that are made meaningful and 
precise by the concept of the limit. These include the three ideas of the exact rate of change of 
a function, the slope of the graph of a function at a point, and the continuity of a function. The 
primary methods used for calculating limits of many functions are captured in the algebraic 
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Limit Laws of Theorem | and in the Sandwich Theorem, all of which are proved from the pre- 

cise definition of the limit. We saw that these computational rules also apply to one-sided limits 

and to limits at infinity. Moreover, we can sometimes apply these rules when calculating limits 

of simple transcendental functions, as illustrated by our examples or in cases like the following: 
=] e-1 1 1 1 


mer 1 ene +H Meet Tet 2 


: x : : 1\* 
lim >=-——., lim ae and im (1 + 1) 
x>0 x0 
requires more than simple algebraic techniques. The derivative is exactly the tool we need 
to calculate limits such as these (see Section 4.5), and this notion is the main subject of our 
next chapter. 


Exercises 2.6 | 


Finding Limits In Exercises 3-8, find the limit of each function (a) as x —©o and 
1. For the function f whose graph is given, determine the following (b) as x > —co. (You may wish to visualize your answer with a 
limits. graphing calculator or computer.) 
eee sae eras ec 3. fa) = 2-3 4. fo) = 7-2 
d. lim, f(@ e. him, f@ f. lim f(x) x 
x73 x0" x07 1 1 
: F ; 5. g(x) = >———_— 6. g(x) = ——_— 
& lim fa) a a A: 0) 8934 UPD) 89 3-6/8) 
—5 + (7/x) 3 =.2/%) 
y 7. h(x) = a 8. h(x) = eee 
A 3 — (1/x?) 4 + (V2/x?) 


Find the limits in Exercises 9-12. 


lI . sin 2x . cosé 
HEL 9 1 B39 
ji { . 2—-—t+sint : r+ sinr 
—6-5-4-3-2 ; —_—— . We, 
6 | 3 11 pe t+ cost 12 a 2r+7—5sinr 


rs Limits of Rational Functions 
r In Exercises 13-22, find the limit of each rational function (a) as 
x — 0° and (b) as x > —0v, 
; ee : : 2x + 3 2x3 + 7 
2. For the function f whose graph is given, determine the following 13. f(x) = 14. f(x) = r 5 
limits. ech dl a a al 
. li b. li di _ ee 1 _ 3x 
a mat a FO) c ae FO) 15. f(@®) = ee 16. f(@) = er 
a. timsoy es lim. fo) lim. ft) in nope a pe 
g. lim, £@) h. tim, f(x) i. iim f(x) : x? — 3x2 + 6x : 2x4 + 5x2? -—x+6 
j. li k. li c Loli 10x> + x*+ + 31 x3 + 7x? — 2 
J a (x) ee (x) Pe, (x) 1D. 2) =" 20. g(x) = — 
x Pa x+1 
y 7 2 8 3 
; 3x! + Sx = 1 5x° — 2x° +9 
21. = 22. h(x) = — 
Re) 6x? — 7x +3 @) 34+ x - 4% 


Limits as x © or x —0© 

The process by which we determine limits of rational functions applies 
equally well to ratios containing noninteger or negative powers of x: 
Divide numerator and denominator by the highest power of x in the 
denominator and proceed from there. Find the limits in Exercises 23-36. 


ertxe- iy" 


2s 
53° fay.) — 24. lim ( 


x00 Vi 2x7 + x x>-co\ 8x? — 3 
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1-x/\ 
25. lim 5 26. 
x>—00 \ x* + Tx 


in 28. 


29;.. lin. = 30. 


2x9/3 — x3 47 


31. in —_ 32. 


xe 8/5 4 3x + Vx 


Var +1 


a rs a 
se jg = 36. 


x0 V/Ax? + 25 


Infinite Limits 
Find the limits in Exercises 37-48. 


1 


37. lim — 38. 
x0' 3x 

39. lim =a 40. 

2x 

41. jim. 5 +8 42. 
: 4 

43. lim ———> 44. 
x7 (x — 7 

45. a. n. 3x13 x0" 31/3 

. 2 : 2 
46. a. lim = b. lim 45 
4% tim 2 48. 


x0 x2/ 5 


Find the limits in Exercises 49-52. 


49. lim tanx 50. 
x> (7/2) 
51. jim C1 + csc 0) 52. 


Find the limits in Exercises 53-58. 


53. lim — as 
a. x—2t b. 
ec x—-2t d. 
54. lim = as 
Ses 
a. x 1t b 
ce x2 -1t d 
2 
55. tim (5 - +) as 
a. x > 0t b 
ec x7V2 d 
vr- 1 
56. lim, 744s 
a. x—-2* b 
« x—21t d 


lim 
x00 9 — \/z 
i x! +x4 
are x? _ x3 
. Wr - 5x +3 
lim 
x00 2x + 72/3 — 4 
: 24 1 
BL aero 
: 4 — 3x3 
lim 
x—>—00 x9 +9 


lim 3 


x>0 x2/ 3 


lim secx 


x—>(—17/2)* 


lim (2 — cot 0) 


cS 2- 


x -2- 


AO ea ce ia 


; eS 


~ x20 


Pa i | 


yeaa 


~ x20 


oo 
57. lim~ 7 onda an 
Boa 2x? 
a. x—0t b. x—2* 
ce x22 d. x—2 


e. What, if anything, can be said about the limit as x — 0? 


x-—3x+2 
—__-__= 4 


58. lim S 


x - 4x 
a. x—2t b. x—-2t 
c x70 d. x 1* 


e. What, if anything, can be said about the limit as x — 0? 


Find the limits in Exercises 59-62. 


t 
a. t—0t b. t> 0° 
60 tim( +7) as 
a. t—0t b. t>07 
1 2 
61 tim( + = 5) 
a. x 0t b. x0 
« x2 It d. x1 
1 1 
62. lim( I - fe si) 
a. x—0t b. x07 
ec x2 1t d. x 1° 


Graphing Simple Rational Functions 
Graph the rational functions in Exercises 63-68. Include the graphs 
and equations of the asymptotes and dominant terms. 


1 1 
63. y= OP Sa 
7 =3 
65. y= 7G 66. y= 5-3 
ae 2x 
67. y= 5 68. y= 


Inventing Graphs and Functions 
In Exercises 69-72, sketch the graph of a function y = f(x) that satis- 
fies the given conditions. No formulas are required—just label the 
coordinate axes and sketch an appropriate graph. (The answers are not 
unique, so your graphs may not be exactly like those in the answer 
section.) 
69. f(0) = 0, fC) = 2, fC) = —2, lim f(@) = 1, and 
lim f@) = 1 : 
x00 
70. f(0) = 0, lim f(x) = 0, lim f(x) = 2, and 
x— +00 x—0r 
lim f(x) = -2 
x0 
71. f(0) = 0, lim f(x) = 0, lim f(~) = lim f(x) =%, 
x— 00 x17 x>-It 


lim, f(x) = —0o9, and lim _ f(~) = —0co 


72. f(2) = 1, fC1) = 0, lim fox) = 0, lim, f(x) = 0, 


lim f(x) = —09, and lim f(x =1 


In Exercises 73-76, find a function that satisfies the given conditions 
and sketch its graph. (The answers here are not unique. Any function 
that satisfies the conditions is acceptable. Feel free to use formulas 
defined in pieces if that will help.) 


73. lim f(x) = 0, lim f() = &%, and lim f(x) = co 
x— +00 x2” x—2t 
E. i = 1 = —0O i =o 
74 im. g(x) = 0, iim g(x) H and lim, Q(x) 
75. lim A(x) = —1, lim A(x) = 1, lim h(x) = —1, and 
x—-0O x00 x0” 
lim A(x) = 1 
x—0t 
76. lim k(x) = 1, lim k(x) = &, and lim k(x) = —oco 
x—> £00 x1, xt 
77. Suppose that f(x) and g(x) are polynomials in x and that 


lim, oo (f(x) /g(x)) = 2. Can you conclude anything about 
lim,——co (f(x)/g(x))? Give reasons for your answer. 


78. Suppose that f(x) and g(x) are polynomials in x. Can the graph of 
f(x)/g(x) have an asymptote if g(x) is never zero? Give reasons 
for your answer. 


79. How many horizontal asymptotes can the graph of a given ratio- 
nal function have? Give reasons for your answer. 


Finding Limits of Differences When x—> +0 
Find the limits in Exercises 80-86. 


80. lim (Vx + 9 — Vx +4) 
81. lim (Vx? + 25 — Vi? = 1) 
82. lim (Vx? +3 + x) 

83. lim (2x + V4 + 3x2) 


x —00 


84. lim (V9x" — x — 3x) 


85. lim (V2 + 3x — V2 = 2x) 
86. lim (Vx? +x — Ve2— x) 


Using the Formal Definitions 
Use the formal definitions of limits as x > +0 to establish the limits 
in Exercises 87 and 88. 


87. If f has the constant value f(x) = k, then lim f@® =k. 
88. If f has the constant value f(x) = k, then lim f(x) =k. 


Use formal definitions to prove the limit statements in Exercises 89-92. 


89. lim —+ = —o0 90. lim + = 00 
x0 X x0 || 
: =2 . 
91. lim —0o 92. lim 


—— ———_ = © 
x33 (x — 3)? x5 (x + 5)? 


93. Here is the definition of infinite right-hand limit. 


We say that f(x) approaches infinity as x approaches c from the 
right, and write 


lim, f(x) = 0°, 

=e" 
if, for every positive real number B, there exists a correspond- 
ing number 6 > 0 such that for all x 


c<x<ct+6 => f(x) > B. 
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Modify the definition to cover the following cases. 


a. lim f(x) = co 
xc 


b. lim f(x) = —0o 
c. lim f(x) = —0°0 


Use the formal definitions from Exercise 93 to prove the limit state- 
ments in Exercises 94-98. 


94. lim ~ = co 


x0" 


95. lim = = —co 


96. lim 


97. lim ata ie) 


98. lim 


Oblique Asymptotes 
Graph the rational functions in Exercises 99-104. Include the graphs 
and equations of the asymptotes. 


9. y=—*— 
100. y =~ +1 
iol. y= —4 
ny Bat 
103. ee 
104, y= S41 


Additional Graphing Exercises 
Graph the curves in Exercises 105-108. Explain the relationship 
between the curve’s formula and what you see. 


105. y = —+— 
=e 

—1 

106. y = 

4— x 
1 
= 3/3 
107. y = x7/ +R 


108. y = sin( —~— 
08. y sin( 5% :) 


Graph the functions in Exercises 109 and 110. Then answer the follow- 
ing questions. 


a. How does the graph behave as x — 0*? 
b. How does the graph behave as x > +00? 
c. How does the graph behave near x = 1 and x = —1? 


Give reasons for your answers. 


2/3 2/3 
109. y= 3(x-}) 110. y= 3(—45) 
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Chapter 2a Questions to Guide Your Review 


1. 


10. 


What is the average rate of change of the function g(t) over the 
interval from t = a to t = b? Howis it related to a secant line? 


. What limit must be calculated to find the rate of change of a func- 


tion g(t) at t = fh? 


. Give an informal or intuitive definition of the limit 


lim fwM=L. 


Why is the definition “informal”? Give examples. 


. Does the existence and value of the limit of a function f(x) as x 


approaches c ever depend on what happens at x = c? Explain 
and give examples. 


. What function behaviors might occur for which the limit may fail 


to exist? Give examples. 


. What theorems are available for calculating limits? Give exam- 


ples of how the theorems are used. 


. How are one-sided limits related to limits? How can this relation- 


ship sometimes be used to calculate a limit or prove it does not 
exist? Give examples. 


. What is the value of limg_.o ((sin 0)/@)? Does it matter whether 0 


is measured in degrees or radians? Explain. 


. What exactly does lim,_,. f(x) = L mean? Give an example in 


which you find a 6 > 0 fora given f, L,c, and € > 0 in the pre- 
cise definition of limit. 


Give precise definitions of the following statements. 
b. lim,.,+ f(~) = 5 


d. lim,—, f(x) = —0o 


a. lim, f(x) = 5 


ce. lim,. f(x) = co 


Chapter PA Practice Exercises 


Limits and Continuity 


1. 


2. 


Graph the function 


1, x=—1 
=x: —-1<x<=0 

f(x) = 1, x=0 
=X: O0<x<l 

1. =1. 


Then discuss, in detail, limits, one-sided limits, continuity, and 
one-sided continuity of f at x = —1,0, and 1. Are any of the 
discontinuities removable? Explain. 


Repeat the instructions of Exercise 1 for 


0, Sl 
_ J A/x, 0 < |x| <1 
fF) (24 


11 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


. What conditions must be satisfied by a function if it is to be con- 
tinuous at an interior point of its domain? At an endpoint? 


How can looking at the graph of a function help you tell where 
the function is continuous? 


What does it mean for a function to be right-continuous at a 
point? Left-continuous? How are continuity and one-sided conti- 
nuity related? 


What does it mean for a function to be continuous on an interval? 
Give examples to illustrate the fact that a function that is not con- 
tinuous on its entire domain may still be continuous on selected 
intervals within the domain. 


What are the basic types of discontinuity? Give an example of 
each. What is a removable discontinuity? Give an example. 


What does it mean for a function to have the Intermediate Value 
Property? What conditions guarantee that a function has this 
property over an interval? What are the consequences for graph- 
ing and solving the equation f(x) = 0? 

Under what circumstances can you extend a function f(x) to be 
continuous at a point x = c? Give an example. 


What exactly do lim, f(x) = L and lim, f(x) = L mean? 
Give examples. 

What are lim,— +00 k (k a constant) and lim, +00 (1/x)? How do 
you extend these results to other functions? Give examples. 

How do you find the limit of a rational function as x > +00? 
Give examples. 


What are horizontal and vertical asymptotes? Give examples. 


. Suppose that f(7) and f(t) are defined for all ¢ and that lim,_,, 
f@® = —7 and lim,,, g( = 0. Find the limit as t— & of the 
following functions. 


a. 3f(0) b. (f(OY 
fO 
c. fO: ged d. at) —7 
e. cos (g(f)) f. [f@| 
g. f(O + g@ h. 1/f( 


. Suppose the functions f(x) and g(x) are defined for all x and that 
lim,+9 f() = 1/2 and lim, g(x) = \/2. Find the limits as 
x — 0 of the following functions. 


a. —g(x) b. g(x)* f(x) 
c. f(x) + g(x) d. 1/f(x) 
e. x + f(x) f. Foy eos 


In Exercises 5 and 6, find the value that lim,_,) g(x) must have if the 
given limit statements hold. 


. (4 — a@) ; 
5. lim| —— ] = 1 6. lim {| x lim g(x) ] = 2 
x74 x>0 
7. On what intervals are the following functions continuous? 
a. f(x) = x! b. g(x) = x3/4 
ce. A(x) = x23 d. k(x) = x !/6 


8. On what intervals are the following functions continuous? 


a. f(x) = tanx b. g(x) = csc x 
cos x sin x 
ce. h(x) = —-— d. k(x) = 
Finding Limits 
In Exercises 9—28, find the limit or explain why it does not exist. 
2 
9. lim 4x +4 


x3 + 5x? — 14x 


a. asx—0 b. asx—2 


: wr+tx 
10. 1 
ae 4 a ae 
a. asx—0 b. asx—-—l 
= Bo, 
U1. tim =¥2 12. lim—# 
x1 1-x xa xt _ a’ 
— wth? - x — «thy - xX 
13. lim ———_—— 14. lim 
h-0 h x0 h 
1 1 ; 
2+ xy —-8 
a ij ie 
x0 x0 
13°. ) 
17. tim? ——* 18. lim* ws 
x1 x-— 1 x64 x—- 8 
tan (2x) . 
19. lim 20. lim csc x 
x0 tan (77x) pane 
21. lim sin (3 + sin :) 22. lim cos? (x — tan x) 
ZF 2, LT 
4. ta — 4 is 
x0 3 sinx — x x0. 0=©= SINX 
25. lim In (¢ ~ 3) 26. lim? In (2 — V1) 
3 - 
1/z 
27. lim Ves (7/8) 28, Jim —" 
60" zo el/Z + 1 


In Exercises 29-32, find the limit of g(x) as x approaches the indi- 
cated value. 


. . 1 
\\1/3 = —— 
29. im, 4a()) 2 30. im. Pea 2 
. 3x7 + 1 . 5-x 
31. lim = 00 32. lim = 0 
x1 g(x) x72 V/ g(x) 


Roots 
33. Let f) = x° —x- 1. 


a. Use the Intermediate Value Theorem to show that f has a 
zero between — 1 and 2. 


b. Solve the equation f(x) = 0 graphically with an error of 
magnitude at most 107°. 
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c. It can be shown that the exact value of the solution in part (b) is 


1, Voo\? (1 Voo\'? 
2 18 " \2 18 : 


Evaluate this exact answer and compare it with the value you 
found in part (b). 
34. Let f(0) = 0° — 20 + 2. 


a. Use the Intermediate Value Theorem to show that f has a 
zero between —2 and 0. 


b. Solve the equation f(@) = 0 graphically with an error of 
magnitude at most 10~*. 


c. It can be shown that the exact value of the solution in part (b) is 


19 13 19 13 
9] 1 7 1 : 


Evaluate this exact answer and compare it with the value you 
found in part (b). 


Continuous Extension 

35. Can f(x) = x(x? — 1)/|x* — 1| be extended to be continuous at 
x = 1 or —1? Give reasons for your answers. (Graph the func- 
tion—you will find the graph interesting.) 


36. Explain why the function f(x) = sin(1/x) has no continuous 
extension to x = 0. 


In Exercises 37—40, graph the function to see whether it appears to have 
a continuous extension to the given point a. If it does, use Trace and 
Zoom to find a good candidate for the extended function’s value at a. If 
the function does not appear to have a continuous extension, can it be 
extended to be continuous from the right or left? If so, what do you 
think the extended function’s value should be? 


37. f(x) = oe a=1 
38. 9(0) = a. aa) 
39. hit) = (1 + |e)", a =0 
40. k(x) = “Tr a=0 


Limits at Infinity 
Find the limits in Exercises 41-54. 


2B . 2x +3 
41. Jim, Sy 47 42. im, 52 47 
Dee: 
Sia 44. lim ——1 
x—>—00 3x" x00 x? — Tx + 1 
ie 4 3 
45. lim ~— 2% 46. lim 2,7 > 
xo>-o xX + 1 x0 12x? + 128 
47. Ij sin x (If you have a grapher, try graphing the function 
<> dim: =——> 
xe |x| for—5 Sx = 5.) 
9-1 (if you have a grapher, try graphing 
48. jim ar aoe f(x) = x(cos (1/x) — 1) near the origin to 
I> 00 


“see” the limit at infinity.) 
x + sinx + 2Vx 2/3 + x7! 


0. rt sing AY costs 

51. lim e!/* cos i 52. lim In{ 1 + - 
x00 x [oo t 

53. lim tan! x 54. lim e* ect 


Pers fara t 


120 Chapter 2: Limits and Continuity 


Horizontal and Vertical Asymptotes 


55. 


Use limits to determine the equations for all vertical asymptotes. 


_xw+4 _xw-—x-2 
ak coms PS soe | 
r = A re 

= x27 + 2x - 8 


56. Use limits to determine the equations for all horizontal asymptotes. 


_1-% _ Ve +4 
iS bf) = a 
rt+a4 +9 
c.g) = — > d. y= of +] 


Chapter (2am Additional and Advanced Exercises 


T| a 


Assigning a value to 0° The rules of exponents tell us that 
a® = 1 if ais any number different from zero. They also tell us 
that 0” = 0 if n is any positive number. 

If we tried to extend these rules to include the case 0°, we 
would get conflicting results. The first rule would say 0° = 1, 
whereas the second would say 0° = 0. 

We are not dealing with a question of right or wrong here. 
Neither rule applies as it stands, so there is no contradiction. We 
could, in fact, define 0° to have any value we wanted as long as 
we could persuade others to agree. 

What value would you like 0° to have? Here is an example 
that might help you to decide. (See Exercise 2 below for another 
example.) 


a. Calculate x* for x = 0.1, 0.01, 0.001, and so on as far as 
your calculator can go. Record the values you get. What 
pattern do you see? 


b. Graph the function y = x* for 0 < x = 1. Even though the 
function is not defined for x = 0, the graph will approach 
the y-axis from the right. Toward what y-value does it seem 
to be headed? Zoom in to further support your idea. 


. A reason you might want 0° to be something other than 0 or 1 


As the number x increases through positive values, the numbers 
1/x and 1 / (In x) both approach zero. What happens to the number 


1/(nx) 
fx) = () 


as x increases? Here are two ways to find out. 


a. Evaluate f for x = 10, 100, 1000, and so on as far as your 
calculator can reasonably go. What pattern do you see? 

b. Graph f ina variety of graphing windows, including win- 
dows that contain the origin. What do you see? Trace the 
y-values along the graph. What do you find? 


. Lorentz contraction In relativity theory, the length of an 


object, say a rocket, appears to an observer to depend on the 
speed at which the object is traveling with respect to the observer. 
If the observer measures the rocket’s length as Lo at rest, then at 
speed v the length will appear to be 


This equation is the Lorentz contraction formula. Here, c is the 
speed of light in a vacuum, about 3 X 108 m/sec. What happens 
to L as v increases? Find lim,—,- L. Why was the left-hand limit 
needed? 


4. Controlling the flow from a draining tank Torricelli’s law 


says that if you drain a tank like the one in the figure shown, the 
rate y at which water runs out is a constant times the square root 
of the water’s depth x. The constant depends on the size and 
shape of the exit valve. 


Exit rate y ft?/min 


Suppose that y = Vx/ 2 for a certain tank. You are trying to 
maintain a fairly constant exit rate by adding water to the tank 
with a hose from time to time. How deep must you keep the water 
if you want to maintain the exit rate 


1 ft/min? 


1 fC /min? 


a. within 0.2 ft?/min of the rate yo 


ll 


b. within 0.1 ft?/min of the rate yp 


. Thermal expansion in precise equipment As you may know, 


most metals expand when heated and contract when cooled. The 
dimensions of a piece of laboratory equipment are sometimes so 
critical that the shop where the equipment is made must be held 
at the same temperature as the laboratory where the equipment is 
to be used. A typical aluminum bar that is 10 cm wide at 70°F 
will be 


y = 10 + (t— 70) x 10+ 


centimeters wide at a nearby temperature t. Suppose that you are 
using a bar like this in a gravity wave detector, where its width 
must stay within 0.0005 cm of the ideal 10 cm. How close to 
f) = 70°F must you maintain the temperature to ensure that this 
tolerance is not exceeded? 


. Stripes on a measuring cup The interior of a typical 1-L mea- 


suring cup is a right circular cylinder of radius 6 cm (see accom- 
panying figure). The volume of water we put in the cup is there- 
fore a function of the level 4 to which the cup is filled, the 
formula being 


V = 76*h = 367h. 


How closely must we measure / to measure out 1 L of water 
(1000 cm?) with an error of no more than 1% (10 cm)? 


Stripes 
about 
1mm 
wide 


(a) 


r=6cm 


Liquid volume 
V = 367h 


A 1-L measuring cup (a), modeled as a right circular cylinder (b) 
of radius r = 6cm 


Precise Definition of Limit 
In Exercises 7-10, use the formal definition of limit to prove that the 
function is continuous at c. 


7.f@=x-7, c=1 8. g(x) = 1/(2x), c= 1/4 
9. hx) = V2x—-3, c=2 10. F(x) = V9-x, c=5 
11. Uniqueness of limits Show that a function cannot have two dif- 
ferent limits at the same point. That is, if lim,.. f(x) = L, and 
lim,—, f(x) = Ly, then L, = Lp. 
12. Prove the limit Constant Multiple Rule: 


lim kf(x) = k lim f(x) for any constant k. 


13. One-sided limits If lim, f(x) = A and lim, f(x) = B, 
find 
a. lim, 9+ f(x? — x) b. lim, so- fx? — x) 
c. limysor f(x? — x’) d. limyso- f(x? — x’) 

14. Limits and continuity Which of the following statements are 


true, and which are false? If true, say why; if false, give a counter- 
example (that is, an example confirming the falsehood). 


a. If lim,_.. f(x) exists but lim,_.. g(x) does not exist, then 
lim,—,(f(x) + g(x)) does not exist. 


b. If neither lim,_,.. f(x) nor lim,_,. g(x) exists, then 
lim... (f(x) + g(x)) does not exist. 


c. If f is continuous at x, then so is |f|. 

d. If || is continuous at c, then so is f. 
In Exercises 15 and 16, use the formal definition of limit to prove that 
the function has a continuous extension to the given value of x. 


r-—1 24 = 3 
xa 1? 2x — 6 


pe 
15. f(x) = x=-1l 16 gw~= , x=3 


22. Root of an equation Show that the equation x + 2 cos x 
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17. A function continuous at only one point Let 


x, if x is rational 
fx) = Soe es ets 
0, if x is irrational. 


a. Show that f is continuous at x = 0. 


b. Use the fact that every nonempty open interval of real num- 
bers contains both rational and irrational numbers to show 
that f is not continuous at any nonzero value of x. 


18. The Dirichlet ruler function If x is a rational number, then x 


can be written in a unique way as a quotient of integers m/n 
where n > 0 and m and n have no common factors greater than 
1. (We say that such a fraction is in lowest terms. For example, 
6/4 written in lowest terms is 3/2.) Let f(x) be defined for all x 
in the interval [ 0, 1] by 


1/n, if x = m/nisa rational number in lowest terms 

fQ@) = ae 
0, if x is irrational. 

For instance, f(0) = f(1) = 1, f(./2) = 1/2, f(1/3) = f(2/3) = 

1/3, f(1/4) = f(3/4) = 1/4, and so on. 

a. Show that f is discontinuous at every rational number in [ 0, 1 ]. 

b. Show that f is continuous at every irrational number in [ 0, 1 }. 


(Hint: If € is a given positive number, show that there are only 
finitely many rational numbers rin [ 0, 1 ] such that f(r) = e.) 


c. Sketch the graph of f. Why do you think f is called the 
“ruler function”? 


19. Antipodal points Is there any reason to believe that there is 


always a pair of antipodal (diametrically opposite) points on 
Earth’s equator where the temperatures are the same? Explain. 


20. If lim... (f(x) + g(x)) = 3 and lim, (f(x) — g(x)) = —1, find 


lim, F(x)g(x). 


21. Roots of a quadratic equation that is almost linear The equa- 


tion ax? + 2x — 1 = 0, where a is a constant, has two roots if 
a >-—l1anda # 0, one positive and one negative: 


-l+Vict+a 1-Vl+a 
a 


r(a) = ,  K(a) =——> ; 


a. What happens to r,(a) as a—> 0? As a——1*? 
b. What happens to r(a) as a—> 0? As a—>~—1*? 


c. Support your conclusions by graphing r,(a) and r(a) as 
functions of a. Describe what you see. 


d. For added support, graph f(x) = ax? + 2x — 1 simultane- 
ously for a = 1, 0.5, 0.2, 0.1, and 0.05. 


ll 
i) 


has at least one solution. 


23. Bounded functions A real-valued function f is bounded from 


above on a set D if there exists a number N such that f(x) = N 
for all x in D. We call N, when it exists, an upper bound for f on 
D and say that f is bounded from above by N. In a similar man- 
ner, we say that f is bounded from below on D if there exists a 
number M such that f(x) = M for all x in D. We call M, when it 
exists, a lower bound for f on D and say that f is bounded from 
below by M. We say that f is bounded on D if it is bounded from 
both above and below. 


a. Show that f is bounded on D if and only if there exists a 
number B such that | f(x)| < B for all x in D. 
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b. Suppose that f is bounded from above by N. Show that if _ sin(x? — x — 2) _ sin(x? — x — 2) 
lim,., f(x) = L, then L < N. ce lim — S41 ec ar en aa 
c. Suppose that f is bounded from below by M. Show that if 2 
a — + — 
lim,.. fx) = L, then L = M. fp Se 
54. Nise eo. 5 anda eb) x>-1 be a | x>-1 xl 
. Max {a and min {a 
i i. sin(1 — Vx) sin(1 — Vx), _ Vv 
a. Show that the expression d. lim = lim = 
xl xl xl 1- Vx x— 1 
Been fe ge a aed 
-- 2 ei Vale Va) lz I 
1- lim = lim =—5 
equals a if a = b and equals b if b = a. In other words, FO ae el a Vx) al (Ge (1 a Vx) 
max {a,b} gives the larger of the two numbers a and b. . ee ; 
: Soa : . Find the limits in Exercises 25-30. 
b. Find a similar expression for min {a, b}, the smaller of a : 
ab _ sin(1 — cos x) . sin x 
and b. 25. lim ——-——_ 26. lim 
x0 +0" sin Vx 
: Sct . _ sind 
Generalized Limits Involving _ sin(sinx) _ sin(x? + x) 
27. lim —;—— 28. lim ——;-——_ 
The formula limg—o(sin@)/@ = 1 can be generalized. If lim, eae x0 
f(x) = 0 and f(x) is never zero in an open interval containing the _ sin(x? — 4) ; sin( Vx = 3) 
point x = c, except possibly c itself, then 29. lim 3 30. lim—T—9__ 
sin f(x) _ 
pe f°) Oblique Asymptotes 
Here are several examples Find all possible oblique asymptotes in Exercises 31-34. 
ae a a ae 3 _ I 
pi 31. y = 32. y=x+xsin> 
ea ae Vet+1 . 
in x? in x? 2 -y= 24] 4. y= Vx? + 2x 
b. lim 2 = jim"? jim* = 1-0 = 0 a PS NS 
x0 x x0 x2 x0 x 


Chapter Pn Technology Application Projects 


Mathematica/Maple Modules: 


Take It to the Limit 

Part I 

Part II (Zero Raised to the Power Zero: What Does It Mean?) 

Part III (One-Sided Limits) 

Visualize and interpret the limit concept through graphical and numerical explorations. 
Part IV (What a Difference a Power Makes) 

See how sensitive limits can be with various powers of x. 


Going to Infinity 

Part I (Exploring Function Behavior as x > © or x > —®) 

This module provides four examples to explore the behavior of a function as x > ©O or x + —00, 

Part II (Rates of Growth) 

Observe graphs that appear to be continuous, yet the function is not continuous. Several issues of continuity are explored to obtain results that you 
may find surprising. 


Derivatives 


OVERVIEW In the beginning of Chapter 2, we discussed how to determine the slope of a 
curve at a point and how to measure the rate at which a function changes. Now that we have 
studied limits, we can define these ideas precisely and see that both are interpretations of 
the derivative of a function at a point. We then extend this concept from a single point to the 
derivative function, and we develop rules for finding this derivative function easily, without 
having to calculate any limits directly. These rules are used to find derivatives of most of the 
common functions reviewed in Chapter 1, as well as various combinations of them. 

The derivative is one of the key ideas in calculus, and is used to study a wide range of 
problems in mathematics, science, economics, and medicine. These problems include 
finding points where a continuous function is zero, calculating the velocity and accelera- 
tion of a moving object, determining how the rate of flow of a liquid into a container 
changes the level of the liquid within it, describing the path followed by a light ray going 
from a point in air to a point in water, finding the number of items a manufacturing com- 
pany should produce in order to maximize its profits, studying the spread of an infectious 
disease within a given population, or calculating the amount of blood the heart pumps in a 
minute based on how well the lungs are functioning. 


3. 1 Tangents and the Derivative at a Point 


In this section we define the slope and tangent to a curve at a point, and the derivative of a 
function at a point. The derivative gives a way to find both the slope of a graph and the 
instantaneous rate of change of a function. 


Finding a Tangent to the Graph of a Function 


“— 


A To find a tangent to an arbitrary curve y = f(x) at a point P(x, f(xo)), we use the procedure 

y= f@) introduced in Section 2.1. We calculate the slope of the secant through P and a nearby point 
Axy +h, fl%y + A)) Q(x + h, f(x + h)). We then investigate the limit of the slope as h > 0 (Figure 3.1). If 
the limit exists, we call it the slope of the curve at P and define the tangent at P to be the 
fo +h) — Fo) tine through P having this slope. 


DEFINITIONS The slope of the curve y = f(x) at the point P(x, f(xp)) is the 
number 


>X 


F(X) 


| 
} 
} 
| 
0 Xo Xo th 


_ fa th 
m 


m= hi 1 ? — (provided the limit exists). 


FIGURE 3.1 The slope of the tangent 
f(% + h) — f%) The tangent line to the curve at P is the line through P with this slope. 


line at P is lim 
i) 


123 
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2 


: 1 
slope is — 
a 


y 


slope is —1 
atx=—-1 


FIGURE 3.2 The tangent slopes, steep 
near the origin, become more gradual as 
the point of tangency moves away 
(Example 1). 


1 
4 


FIGURE 3.3 The two tangent lines to 
y = 1/x having slope —1/4 (Example 1). 


The notation f’(x9) is read “f prime of Xo.” 


In Section 2.1, Example 3, we applied these definitions to find the slope of the parab- 
ola f(x) = x? at the point P(2, 4) and the tangent line to the parabola at P. Let’s look at 
another example. 


EXAMPLE 1 
(a) Find the slope of the curve y = 1/x at any point x = a # 0. What is the slope at the 
point x = —1? 


(b) Where does the slope equal — 1/4? 
(c) What happens to the tangent to the curve at the point (a, 1/a) as a changes? 


Solution 
(a) Here f(x) = 1/x. The slope at (a, 1/a) is 


flat h) - f@ 7 _ ja-(ath) 
lim = lim I 


h—>0 h h—0 h ~ pooh a(a + h) 


=i fi 
hooha(a +h) p70 a(a + h) a 


Notice how we had to keep writing “lim,—.)” before each fraction until the stage 
at which we could evaluate the limit by substituting h = 0. The number a may be 
positive or negative, but not 0. When a =~—1, the slope is —1/(—1)? =—1 
(Figure 3.2). 

(b) The slope of y = 1/x at the point where x = a is —1/a?. It will be —1/4 provided 
that 


This equation is equivalent to a? = 4, so a = 2 or a = —2. The curve has slope 
—1/4 at the two points (2, 1/2) and (-2, —1/2) (Figure 3.3). 

(c) The slope —1/a? is always negative if a # 0. As a— 0°, the slope approaches —0o 
and the tangent becomes increasingly steep (Figure 3.2). We see this situation again as 
a0. As a moves away from the origin in either direction, the slope approaches 0 
and the tangent levels off becoming more and more horizontal. | 


Rates of Change: Derivative at a Point 


The expression 


FO + 0 = FO) h#0 


is called the difference quotient of f at x» with increment h. If the difference quotient 
has a limit as h approaches zero, that limit is given a special name and notation. 


DEFINITION The derivative of a function f at a point x9, denoted f(x), is 


f') = lim FQ + 0 — Fo) 


provided this limit exists. 
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If we interpret the difference quotient as the slope of a secant line, then the derivative 
gives the slope of the curve y = f(x) at the point P(x, f(%)). Exercise 33 shows that the 
derivative of the linear function f(x) = mx + b at any point xp is simply the slope of the 
line, so 


f'@) = m, 


which is consistent with our definition of slope. 

If we interpret the difference quotient as an average rate of change (Section 2.1), the 
derivative gives the function’s instantaneous rate of change with respect to x at the point 
xX = Xo. We study this interpretation in Section 3.4. 


EXAMPLE 2 In Examples 1 and 2 in Section 2.1, we studied the speed of a rock fall- 
ing freely from rest near the surface of the earth. We knew that the rock fell y = 16r7 feet 
during the first t sec, and we used a sequence of average rates over increasingly short inter- 
vals to estimate the rock’s speed at the instant t = 1. What was the rock’s exact speed at 
this time? 


Solution We let f(t) = 16r7. The average speed of the rock over the interval between 
t = | andt = 1 + h seconds, for h > 0, was found to be 


fl + A) — fC) _ 160. + A)? — 1601? _ 1647 + 2h) 


i 5 i = 16(h + 2). 
The rock’s speed at the instant t = 1 is then 
f'd) = iim 16(h + 2) = 16(0 + 2) = 32 ft/sec. 
Our original estimate of 32 ft/sec in Section 2.1 was right. Oo 


Summary 


We have been discussing slopes of curves, lines tangent to a curve, the rate of change of a 
function, and the derivative of a function at a point. All of these ideas refer to the same 
limit. 


The following are all interpretations for the limit of the difference quotient, 


$+ h) — FR) 
lim ‘ 
h—0 h 


. The slope of the graph of y = f(x) at x = x9 
. The slope of the tangent to the curve y = f(x) at x = x9 


. The rate of change of f(x) with respect to x at x = Xo 


hw NY = 


. The derivative f’(xo) at a point 


In the next sections, we allow the point x9 to vary across the domain of the function f. 
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Exercises 


Slopes and Tangent Lines 

In Exercises 1—4, use the grid and a straight edge to make a rough 
estimate of the slope of the curve (in y-units per x-unit) at the points 
P, and P3. 


als 2. 
y 
A 
iP. 
> i 
| 
>x 
p. il 
an 
>X 
ia} 
3 4. 
y yy 
oe Fs * 
3 
> 
» 
i 
t 
x 0 x 


In Exercises 5—10, find an equation for the tangent to the curve at the 
given point. Then sketch the curve and tangent together. 


5. y=4-2x, (1,3) 6 y=@-1P% +1, 0) 


7, y= Ie. G2) 8. y= 


| 
le 
~ 
| 
= 
= 
oS 


9, y=x, (-2,-8) 10. y= a = 
x 8 


In Exercises 11-18, find the slope of the function’s graph at the given 
point. Then find an equation for the line tangent to the graph there. 


UW. fi) = +1, (2,5) 12. f(x) =x — 2x, (1,-1) 


13. g(x) = 5 2 » GO 14. g(x) = a (4,9) 


16. ht) = 24+ 34, (1,4) 
18. fx) = Vx+1, (8,3) 


15. h(t) =P, (2,8) 

17. f(x) = Vx, (4,2) 
In Exercises 19-22, find the slope of the curve at the point indicated. 
19. y = 5x — 3x7, x=1 20. y=x>-2x+7, x 2 


m. y=, 133 22, y= 24, x=0 


Interpreting Derivative Values 

23. Growth of yeast cells In a controlled laboratory experiment, 
yeast cells are grown in an automated cell culture system that 
counts the number P of cells present at hourly intervals. The num- 
ber after ¢ hours is shown in the accompanying figure. 


a. Explain what is meant by the derivative P’(5). What are its 
units? 

b. Which is larger, P’(2) or P’(3)? Give a reason for your 
answer. 


c. The quadratic curve capturing the trend of the data points 
(see Section 1.4) is given by P(t) = 6.1077 — 9.28r + 16.43. 
Find the instantaneous rate of growth when t = 5 hours. 
24. Effectiveness of a drug On a scale from 0 to 1, the effective- 
ness E of a pain-killing drug ¢ hours after entering the blood- 
stream is displayed in the accompanying figure. 


E 


>t 


a. At what times does the effectiveness appear to be increasing? 
What is true about the derivative at those times? 


b. At what time would you estimate that the drug reaches its 
maximum effectiveness? What is true about the derivative at 
that time? What is true about the derivative as time increases 
in the | hour before your estimated time? 


At what points do the graphs of the functions in Exercises 25 and 26 
have horizontal tangents? 


25. fx) =x? + 4x-1 26. g(x) = x° — 3x 

27. Find equations of all lines having slope —1 that are tangent to the 
curve y = 1/(@ — 1). 

28. Find an equation of the straight line having slope 1/4 that is tan- 
gent to the curve y = Vx. 


Rates of Change 

29. Object dropped from a tower An object is dropped from the 
top of a 100-m-high tower. Its height above ground after ¢ sec is 
100 — 4.917 m. How fast is it falling 2 sec after it is dropped? 


30. Speed of a rocket At ¢ sec after liftoff, the height of a rocket is 
31° ft. How fast is the rocket climbing 10 sec after liftoff? 

31. Circle’s changing area What is the rate of change of the area 
of a circle (A = ar?) with respect to the radius when the radius 
is r = 3? 

32. Ball’s changing volume What is the rate of change of the vol- 
ume of a ball (V = (4/3)ar*) with respect to the radius when 
the radius is r = 2? 

33. Show that the line y = mx + b is its own tangent line at any 
point (X%, MX) + b). 

34. Find the slope of the tangent to the curve y = 1/ Vx at the point 
where x = 4. 


Testing for Tangents 
35. Does the graph of 


x’sin(1/x), x #0 
Ce mane 
have a tangent at the origin? Give reasons for your answer. 
36. Does the graph of 
, _ faxsin(l/x), x #0 
B@) = i. x=0 


have a tangent at the origin? Give reasons for your answer. 


Vertical Tangents 

We say that a continuous curve y = f(x) has a vertical tangent at the 
point where x = Xp if the limit of the difference quotient is CO or —°0, 
For example, y = x!/3 has a vertical tangent at x = 0 (see accompa- 
nying figure): 


_ fO+h)—fO) . AWB-O 
lim lim 
h->0 h hoo 0A 
= igi = 
h-0 f2/3 


VERTICAL TANGENT AT ORIGIN 


However, y = x/3 has no vertical tangent at x = 0 (see next figure): 


sO+h- sO . wPeR-O 
m = lim 
i) h ro 80h 
Sie 
ho p!/3 
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does not exist, because the limit is CO from the right and —oo from the 
left. 


NO VERTICAL TANGENT AT ORIGIN 


37. Does the graph of 


-l, x<0O 
ff = 0, x=0 
1. x0 


have a vertical tangent at the origin? Give reasons for your answer. 
38. Does the graph of 
0, x<0 
1, #0 


U(x) = { 


have a vertical tangent at the point (0, 1)? Give reasons for your 
answer. 


Graph the curves in Exercises 39-48. 


a. Where do the graphs appear to have vertical tangents? 


b. Confirm your findings in part (a) with limit calculations. But 
before you do, read the introduction to Exercises 37 and 38. 


39. y = x7 40. y = x45 

41. y = x!/5 42. y = 3/5 

43. y = 4x7/5 — 2x 44, y = 35/3 — 52/3 
45,95 9° = G@ = 1)" 46. y= xB +(x — 1/15 


—V/ ee 
an y={ Ix]. saa 


Vx, x>0 oe a 4a 


COMPUTER EXPLORATIONS 
Use a CAS to perform the following steps for the functions in Exer- 
cises 49-52: 


a. Plot y = f(x) over the interval (vj — 1/2) = x S (x + 3). 
b. Holding xp fixed, the difference quotient 


a = 1004 i = fo) 


at X) becomes a function of the step size h. Enter this function 
into your CAS workspace. 


c. Find the limit of g as h > 0. 


d. Define the secant lines y = f(x) + q° (x — Xo) for h = 3, 2, 
and 1. Graph them together with f and the tangent line over 

the interval in part (a). 

49. f(x) =x + 2x, x1 =0 50. f@=xt > % = 1 


51. f@) =x + sin(2x), x = 7/2 
52. f(x) = cosx + 4sin(2x), x» = 7 


128 


Chapter 3: Derivatives 


Bd The Derivative as a Function 


HISTORICAL ESSAY 
The Derivative 


y = f(x) 


f@) = fa) 
Oz, f(Z)) BOK 
P(x, fx) f2) — f@) 
oes 
$+ 


Derivative of f at x is 


ff + h) — f@) 
h 


f'@) = lim 
h-0 


JOS 
x 


ZX a 


FIGURE 3.4 Two forms for the differ- 
ence quotient. 


Derivative of the Reciprocal Function 


Bil) 
dx\* 2? 


Secant slope is 


In the last section we defined the derivative of y = f(x) at the point x = xX to be the limit 


f% +h) — FOO) 


f (Xo) = lim h 


We now investigate the derivative as a function derived from f by considering the limit at 
each point x in the domain of f. 


DEFINITION The derivative of the function f(x) with respect to the variable x is 
the function f’ whose value at x is 


f'@) = tim a 0 = FO) 


provided the limit exists. 


We use the notation f(x) in the definition to emphasize the independent variable x 
with respect to which the derivative function f’(x) is being defined. The domain of f’ is 
the set of points in the domain of f for which the limit exists, which means that the domain 
may be the same as or smaller than the domain of f. If f’ exists at a particular x, we say 
that f is differentiable (has a derivative) at x. If f’ exists at every point in the domain of 
f, we call f differentiable. 

If we write z = x + h, then h = z — x andh approaches 0 if and only if z approaches 
x. Therefore, an equivalent definition of the derivative is as follows (see Figure 3.4). This 
formula is sometimes more convenient to use when finding a derivative function, and 
focuses on the point z that approaches x. 


Alternative Formula for the Derivative 


f@ — FQ) 
m 


f'® — i = xX 


Calculating Derivatives from the Definition 


The process of calculating a derivative is called differentiation. To emphasize the idea 
that differentiation is an operation performed on a function y = f(x), we use the notation 


d 
dt 


as another way to denote the derivative f’(x). Example 1 of Section 3.1 illustrated the dif- 
ferentiation process for the function y = 1/x when x = a. For x representing any point in 
the domain, we get the formula 

se ee 

dx \* at 


Here are two more examples in which we allow x to be any point in the domain of f. 
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EXAMPLE 1 _ Differentiate f(x) = —~—. 


E heel | 


Solution We use the definition of derivative, which requires us to calculate f(x + h) 
and then subtract f(x) to obtain the numerator in the difference quotient. We have 


= —*— and Lip _@th 
IO f= Oe I er 
Po = hue h Definition 
x +h x 
KEh SH 1 x—]l 
= lio —_—_—_—_—_—__—_- 
h>0 h 
Soe ree eC eS le @  %..ad>aeb 
aa @+h-DE-D bd bd 
7 a (x +h- 1)(x- 1) Simplify. 
+ = Cancel h ¥ 0. Hi 


i Gti f= 1 ~ @= 12 


EXAMPLE 2 
(a) Find the derivative of f(x) = Vx for x > 0. 


(b) Find the tangent line to the curve y = Vx at x = 4. 


Derivative of the Square Root Solution 
Function (a) We use the alternative formula to calculate f’: 
¢ ae j . £@ — f%) 
Fl ee f(x) = lim oy 
gus, VES NS 
= im =x 
bs ee 
= lim 
zox(Vz — Vx)(Vz + Vx) 


= lim l 


1 
sox Vz + Vx OVX" 
(b) The slope of the curve at x = 4 is 
1 1 


(4) === 5. 
2Vv4 4 
The tangent is the line through the point (4, 2) with slope 1/4 (Figure 3.5): 


yH=2+ F(x — 4) 

FIGURE 3.5 Thecurve y = Vx and 

its tangent at (4, 2). The tangent’s slope y= ax + 1. eal 

is found by evaluating the derivative at 

x = 4 (Example 2). Fi 
P Notations 

There are many ways to denote the derivative of a function y = f(x), where the indepen- 

dent variable is x and the dependent variable is y. Some common alternative notations for 

the derivative are 


d d 
fay =y =P =F = Ly = Dine = D,fO0. 
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| ~/4 x-units a 
0 5 10 15 
(a) 
Slope 
A 
AL 
3 f'@) 
2 
1 
— >Xx 
15 
B' 


—2P Vertical coordinate —1 


(b) 


FIGURE 3.6 We made the graph of 
y = f'() in (b) by plotting slopes from 


the graph of y = f(x) in (a). The vertical 


coordinate of B’ is the slope at B and so 
on. The slope at E is approximately 

8/4 = 2. In (b) we see that the rate of 
change of f is negative for x between A’ 


and D’; the rate of change is positive for 


x to the right of D’. 
Slope = 
iy SO* =F) 
Slope = oe 
7 flat h)-f(@ 
im ——— 
ho" h 


ath bt+h 
h>0 h<0 


| 
| 
| 
| 
| 
! 
a 


FIGURE 3.7 Derivatives at endpoints 
of a closed interval are one-sided limits. 


> X 


The symbols d/dx and D indicate the operation of differentiation. We read dy/dx as 
“the derivative of y with respect to x,” and df /dx and (d/dx) f(x) as “the derivative of f 
with respect to x.” The “prime” notations y’ and f’ come from notations that Newton 
used for derivatives. The d/dx notations are similar to those used by Leibniz. The sym- 
bol dy/dx should not be regarded as a ratio (until we introduce the idea of “differen- 
tials” in Section 3.11). 

To indicate the value of a derivative at a specified number x = a, we use the notation 


ieee | a 
f o dx x=a dx x=a ax) x=a 
For instance, in Example 2 
d 1 1 1 
, 4 tes —_ = —: 
f ae x=4 2Vx x=4 2V4 4 


Graphing the Derivative 


We can often make a reasonable plot of the derivative of y = f(x) by estimating the slopes 
on the graph of f. That is, we plot the points (x, f’(x)) in the xy-plane and connect them 
with a smooth curve, which represents y = f’(x). 


EXAMPLE 3 Graph the derivative of the function y = f(x) in Figure 3.6a. 


Solution We sketch the tangents to the graph of f at frequent intervals and use their 
slopes to estimate the values of f’(x) at these points. We plot the corresponding (x, f’(x)) 
pairs and connect them with a smooth curve as sketched in Figure 3.6b. BS 


What can we learn from the graph of y = f’(x)? At a glance we can see 


1. where the rate of change of f is positive, negative, or zero; 
2. the rough size of the growth rate at any x and its size in relation to the size of f(x); 
3. where the rate of change itself is increasing or decreasing. 


Differentiable on an Interval; One-Sided Derivatives 


A function y = f(x) is differentiable on an open interval (finite or infinite) if it has a 
derivative at each point of the interval. It is differentiable on a closed interval [ a, b | if it 
is differentiable on the interior (a, b) and if the limits 


fla + h) — f@ 


im, ——— Right-hand derivative at a 
b+h)— fb 
Jim TOF LO Left-hand derivative at b 


exist at the endpoints (Figure 3.7). 

Right-hand and left-hand derivatives may be defined at any point of a function’s domain. 
Because of Theorem 6, Section 2.4, a function has a derivative at a point if and only if it has 
left-hand and right-hand derivatives there, and these one-sided derivatives are equal. 


EXAMPLE 4 Show that the function y = |x| is differentiable on (—0<, 0) and (0, 00) 
but has no derivative at x = 0. 


Solution From Section 3.1, the derivative of y = mx + b is the slope m. Thus, to the 
right of the origin, 


£ (|x) a £0) = “( ‘x= 1. Sf mx + b) = m, |x| P 


>X 


y’ not defined at x = 0: 


right-hand derivative 
# left-hand derivative 


FIGURE 3.8 The function y = |x| 
is not differentiable at the origin where 
the graph has a “corner” (Example 4). 
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To the left, 


|x| =x 


(lel) = £00 = £¢1-y = -1 


(Figure 3.8). There is no derivative at the origin because the one-sided derivatives differ 
there: 


ve + Al = lol. dA 
Right-hand derivative of |x| at zero = lim a 
h—>0" h nor h 


= tin 


oh |h| = hwhenh > 0 
h—' 


= liml = 1 

h->0* 

a es da 
h—0- h noo h 


Left-hand derivative of |x| at zero = 


ee 
= lim — |h| = —h when h < 0 
nao A 
= lm-1=-1. a 
hoo” 


EXAMPLE 5 In Example 2 we found that for x > 0, 


im 
h—>0* h no Vh 


Since the (right-hand) limit is not finite, there is no derivative at x = 0. Since the slopes of 
the secant lines joining the origin to the points (h, Vh) on a graph of y = Vx approach 
00, the graph has a vertical tangent at the origin. (See Figure 1.17 on page 9.) | 


When Does a Function Not Have a Derivative at a Point? 


A function has a derivative at a point x, if the slopes of the secant lines through P(x, f(%o)) 
and a nearby point Q on the graph approach a finite limit as Q approaches P. Whenever the 
secants fail to take up a limiting position or become vertical as Q approaches P, the deriva- 
tive does not exist. Thus differentiability is a “smoothness” condition on the graph of f. A 
function can fail to have a derivative at a point for many reasons, including the existence 
of points where the graph has 


~~ 


2. a cusp, where the slope of PQ approaches 
Oo from one side and —©° from the other. 


1. acorner, where the one-sided 
derivatives differ. 
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3. a vertical tangent, 4. a discontinuity (two examples shown). 
where the slope of PQ 
approaches ©° from both 
sides or approaches —°co 
from both sides (here, —©°), 


Another case in which the derivative may fail to exist occurs when the function’s slope is 
oscillating rapidly near P, as with f(x) = sin (1/x) near the origin, where it is discontinu- 
ous (see Figure 2.31). 


Differentiable Functions Are Continuous 


A function is continuous at every point where it has a derivative. 


THEOREM 1—Differentiability Implies Continuity If f has a derivative at 
x = c, then f is continuous at x = c. 


Proof Given that f’(c) exists, we must show that lim,_.. f(x) = f(c), or equivalently, 
that lim,=of(c + h) = f(c). Ifh # 0, then 
fle + h) = fe) + Fc + A) — fc) 
= 9g SEPM TO 5, 


Now take limits as h > 0. By Theorem | of Section 2.2, 


fle +h — fo. mh 
h h-0 


lim f(c + h) = Ii + li 
oe ee 


fle) f'iey-0 
= f(c) + 0 
= fo). oO 


Similar arguments with one-sided limits show that if f has a derivative from one side 
(right or left) at x = c, then f is continuous from that side at x = c. 

Theorem | says that if a function has a discontinuity at a point (for instance, a jump 
discontinuity), then it cannot be differentiable there. The greatest integer function y = | x | 
fails to be differentiable at every integer x = n (Example 4, Section 2.5). 


Caution The converse of Theorem | is false. A function need not have a derivative at a 
point where it is continuous, as we saw with the absolute value function in Example 4. 


Exercises 


Finding Derivative Functions and Values 
Using the definition, calculate the derivatives of the functions in 
Exercises 1-6. Then find the values of the derivatives as specified. 
Lf 4—e2;,. C7 OF O) 
2. Fx) = (« - 17? +1; FCI), F'(0), F’Q2) 


3. g(t) = a g’(-1), 8'(2),.8'(V3) 


=z 
2z 


5. p(0) = V30; p'(1), p'@), p'(2/3) 
6. r(s) = V2s +1; r'(0), r'(), r’'/2) 


4. k(z) = ; KC1), K'), (V2) 


In Exercises 7—12, find the indicated derivatives. 


dy dr 
= j = 2x3 = 4 = 9 — 252 
7. ae if y = 2x 8. EF if r=s 2s° + 3 
ds . tt dv. ios A 
9. at if s eo 10. ae if v=t r 
dp 4 dz 
oes = g?/2 : = 
11. cP if p= q 12. aa if z ee 


Slopes and Tangent Lines 
In Exercises 13-16, differentiate the functions and find the slope of 
the tangent line at the given value of the independent variable. 


9 


13. f@®) =xt+y, x= 3 14. kx) = 5 x=2 
_~3_ 2 a _xt 3 __ 
15. s=t i; 1 16. y (= x 2 


In Exercises 17-18, differentiate the functions. Then find an equation 
of the tangent line at the indicated point on the graph of the function. 


17. y= fw = = 
/x— 


18. w = e(2=14+ V4—z (zw) =G,2) 


(x, y) = (6, 4) 


In Exercises 19-22, find the values of the derivatives. 


ds : = 2 dy : =,—1L 
19. dt|,__, if s=1—3t 20. de| 3 if y= ee 
dr ; 2 dw : 
21. — if r= 22. wa if w=ztvz 
dO | 4-0 V4—0 de! 


Using the Alternative Formula for Derivatives 
Use the formula 


f@) — Fa) 


P@) = lim =x 


to find the derivative of the functions in Exercises 23-26. 


23, feo) =5 WM. f=? = 34 
25. 9(x) = ce ; 26. e(x) = 1+ Vx 
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Graphs 
Match the functions graphed in Exercises 27—30 with the derivatives 
graphed in the accompanying figures (a)—(d). 


' ' 


y y 
x 
0 
0 >X 
(a) (b) 
y’ y' 
0 > xX 0 eX 
(c) (d) 
27. 28. 
y y 
y=fi@) y= fo) 
0 >x 0 > X 


y =f) 


31. a. The graph in the accompanying figure is made of line seg- 
ments joined end to end. At which points of the interval 
[—4, 6] is f’ not defined? Give reasons for your answer. 


y 


» 


(0, 2) (6, 2) 
y=f@) 


(1, —2) (4, —2) 


b. Graph the derivative of f. 
The graph should show a step function. 
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32. Recovering a function from its derivative 


a. Use the following information to graph the function f over 
the closed interval [—2, 5]. 


i) The graph of f is made of closed line segments joined 
end to end. 


ii) The graph starts at the point (—2, 3). 


iii) The derivative of f is the step function in the figure 


shown here. 
y’ 
A 
y =f") 
1-} oo 
! L —_— L L L >x 
=) 0 1 3 5 
L o———-e 
e———- -2 


b. Repeat part (a), assuming that the graph starts at (—2, 0) 
instead of (—2, 3). 


33. Growth in the economy The graph in the accompanying figure 


34. 


shows the average annual percentage change y = f(f) in the U.S. 
gross national product (GNP) for the years 2005-2011. Graph 
dy /dt (where defined). 


~ 
SOP NwWRUDS 


N 


005 2006 2007 2008 2009 2010 2011 


Fruit flies (Continuation of Example 4, Section 2.1.) Popula- 
tions starting out in closed environments grow slowly at first, 
when there are relatively few members, then more rapidly as the 
number of reproducing individuals increases and resources are 
still abundant, then slowly again as the population reaches the 
carrying capacity of the environment. 


a. Use the graphical technique of Example 3 to graph the deriv- 
ative of the fruit fly population. The graph of the population 
is reproduced here. 


Number of flies 
a 
ca) 


0 10 20 30 40 50 
Time (days) 


b. During what days does the population seem to be increasing 
fastest? Slowest? 


35. Temperature The given graph shows the temperature T in °F 
at Davis, CA, on April 18, 2008, between 6 A.M. and 6 P.M. 


T 
» 
80 
70 
60 


50 


Temperature (°F) 


40 


>t 


0 3 6 9 12 
6AM. 9AM. 12NOON 3PM. 6 PM. 


Time (hr) 
a. Estimate the rate of temperature change at the times 
i) 7 A.M. ii) 9AM. iii) 2 P.M. iv) 4PM. 
b. At what time does the temperature increase most rapidly? 
Decrease most rapidly? What is the rate for each of those times? 
c. Use the graphical technique of Example 3 to graph the deriv- 
ative of temperature T versus time f. 


36. Weight loss Jared Fogle, also known as the “Subway Sandwich 
Guy,” weighed 425 lb in 1997 before losing more than 240 Ib in 
12 months (http://en.wikipedia.org/wiki/Jared_Fogle). A chart 
showing his possible dramatic weight loss is given in the accom- 
panying figure. 


Weight (1b) 


0 12 3 45 67 8 9 1011 12 
Time (months) 


a. Estimate Jared’s rate of weight loss when 
jpt=1 ii) t= 4 iii) ¢ = 11 
b. When does Jared lose weight most rapidly and what is this 


rate of weight loss? 


c. Use the graphical technique of Example 3 to graph the deriv- 
ative of weight W. 


One-Sided Derivatives 
Compute the right-hand and left-hand derivatives as limits to show that 
the functions in Exercises 37-40 are not differentiable at the point P. 


PO, 0) . re 


39. 40. 


In Exercises 41 and 42, determine if the piecewise-defined function is 
differentiable at the origin. 
a=, My x20 
41. = 
FO) ae x<0O 


7/3, x =0 
42. g(x) = ee x<0 


Differentiability and Continuity on an Interval 
Each figure in Exercises 43-48 shows the graph of a function over a 
closed interval D. At what domain points does the function appear to be 


a. differentiable? 
b. continuous but not differentiable? 


c. neither continuous nor differentiable? 


Give reasons for your answers. 


43. 


y=f y 
D: -33x52 


47. 
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Theory and Examples 
In Exercises 49-52, 


a. Find the derivative f’(x) of the given function y = f(x). 


b. Graph y = f(x) and y = f(x) side by side using separate 
sets of coordinate axes, and answer the following questions. 


c. For what values of x, if any, is f’ positive? Zero? Negative? 


d. Over what intervals of x-values, if any, does the function 
y = f(x) increase as x increases? Decrease as x increases? 
How is this related to what you found in part (c)? (We will 
say more about this relationship in Section 4.3.) 


49, y= —-x? 50. y =—-1/x 

51. y = x°/3 52. y= a4 

53. Tangent toa parabola Does the parabola y = 2x7 — 13x + 5 
have a tangent whose slope is — 1? If so, find an equation for the 
line and the point of tangency. If not, why not? 

54. Tangent to y = Vx Does any tangent to the curve y = Vx 
cross the x-axis at x = —1? If so, find an equation for the line and 
the point of tangency. If not, why not? 

55. Derivative of —f Does knowing that a function f(x) is differ- 
entiable at x = Xx tell you anything about the differentiability of 
the function —f at x = x)? Give reasons for your answer. 

56. Derivative of multiples Does knowing that a function g(f) is 
differentiable at t = 7 tell you anything about the differentiabil- 
ity of the function 3g at t = 7? Give reasons for your answer. 

57. Limit of a quotient Suppose that functions g(t) and h(t) are 
defined for all values of ¢ and g(0) = (0) =0. Can 
lim, (g(1))/(A() exist? If it does exist, must it equal zero? 
Give reasons for your answers. 

58. a. Let f(x) bea function satisfying | f(x)| <=xfor-ls=x<=1. 

Show that f is differentiable at x = 0 and find f’(0). 


b. Show that 


f(x) = 
0, x=0 


is differentiable at x = 0 and find f’(0). 


59. Graph y = 1/(2Vx) in a window that has 0 = x = 2. Then, on 


the same screen, graph 


y= Matha Vx 


h 


for h = 1,0.5,0.1. Then try 4 = —1,—0.5, —-0.1. Explain what 
is going on. 


[T | 60. Graph y = 3x? in a window that has —-2 <x <2,0<y 33. 


Then, on the same screen, graph 


(x + Ay — x3 
ph ake ay 
: h 
for h = 2,1,0.2. Then try h = —2,—1,—0.2. Explain what is 
going on. 
61. Derivative of y = |x| Graph the derivative of f(x) = |x|. 
Then graph y = (|x| — 0)/(« — 0) = |x|/x. What can you 
conclude? 
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62. Weierstrass’s nowhere differentiable continuous function e. Substitute various values for x larger and smaller than x9 into 
The sum of the first eight terms of the Weierstrass function the formula obtained in part (c). Do the numbers make sense 


f(x) = Spo (2/3)"cos (9" 27x) is 


with your picture? 


g(x) = cos (ax) + (2/3)! cos (9x) + (2/3)2cos (9277x) f. Graph the formula obtained in part (c). What does it mean 


+ (2/3) cos (93arx) + +++ + (2/3)7 cos (977x). 


Graph this sum. Zoom in several times. How wiggly and bumpy 


when its values are negative? Zero? Positive? Does this make 
sense with your plot from part (a)? Give reasons for your 
answer. 


is this graph? Specify a viewing window in which the displayed 63. fx) =e +x7-—x, x = 1 


portion of the graph is smooth. 


COMPUTER EXPLORATIONS 


64. f(x) = 2! + P73, xy = 1 
Ax 


: fe 65. f(x) = » XH =2 
Use a CAS to perform the following steps for the functions in Exer- verti 
cises 63-68. g=4 
a. Plot y = f(x) to see that function’s global behavior. OG FO) 37 + 17 od 
b. Define the difference quotient g at a general point x, with 67. f(x) = sin2x, x = 7/2 


general step size h. 


68. f(x) = x’cosx, x = 7/4 


c. Take the limit as h — 0. What formula does this give? 


d. Substitute the value x = xp and plot the function y = f(x) 
together with its tangent line at that point. 
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Cc (x, C) (x + h, c) 


>X 


of 


FIGURE 3.9 The rule (d/dx)(c) = 0 
is another way to say that the values of 
constant functions never change and that 
the slope of a horizontal line is zero at 
every point. 


This section introduces several rules that allow us to differentiate constant functions, 
power functions, polynomials, exponential functions, rational functions, and certain com- 
binations of them, simply and directly, without having to take limits each time. 


Powers, Multiples, Sums, and Differences 


A simple rule of differentiation is that the derivative of every constant function is zero. 


Derivative of a Constant Function 
If f has the constant value f(x) = c, then 


df 


a be 
dx dx ©) aa 


Proof We apply the definition of the derivative to f(x) = c, the function whose outputs 
have the constant value c (Figure 3.9). At every value of x, we find that 


f+ h) — f@) 
h 


: x OC : 
(x) = 1 =] = | = 0. | 
f'@ lim im lim0 0 


roo A 


From Section 3.1, we know that 


d/l 1 (ae = 
£(4) ee, or ae 1) — SX 2 


From Example 2 of the last section we also know that 


d 1 d 2 de 
a>) = We or ae) = * 1/2 
These two examples illustrate a general rule for differentiating a power x”. We first prove 
the rule when z is a positive integer. 


HISTORICAL BIOGRAPHY 
Richard Courant 


(1888-1972) 


Applying the Power Rule 
Subtract | from the exponent and multiply 


the result by the original exponent. 
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Derivative of a Positive Integer Power 


If n is a positive integer, then 


oy = nxt !, 


Proof of the Positive Integer Power Rule The formula 


zn —xyl= (z _ x\(z"! + znm2 x eee & zx? + x") 


can be verified by multiplying out the right-hand side. Then from the alternative formula 
for the definition of the derivative, 


f'@) = im = im 


ZX ZT x es Lx 
= lim(z’7! + 2-2 4 ove + zt 2 + xh) n terms 
2x 
= nx? !. Sg 


The Power Rule is actually valid for all real numbers n. We have seen examples for a 
negative integer and fractional power, but n could be an irrational number as well. To 
apply the Power Rule, we subtract | from the original exponent n and multiply the result 
by n. Here we state the general version of the rule, but postpone its proof until Section 3.8. 


Power Rule (General Version) 
If n is any real number, then 


n— n—-1 
x = Nx 
dx : 


n-1 


for all x where the powers x” and x” * are defined. 


EXAMPLE 1 Differentiate the following powers of x. 
ax Ox © Wt @©xr © Ver 
x 
Solution 
(a) £ (x) = 332-1 = 3x? 
d (2/3) = 2,0/9-1 = 2,-1/3 
(b) a ) 3% 3 
© £(%) = Va 
d/{l d/_- -4- _ 4 
(d) 2(4) = £(e4) = art! = -ays = 4 
Ca) 2 ae 4 
© z (4) 3x 3% 
(f) al Vx2* ) a a /2)) = (1 + ) at (2-1 = 3 2 + W)Vx | 


The next rule says that when a differentiable function is multiplied by a constant, its 
derivative is multiplied by the same constant. 
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FIGURE 3.10 The graphs of y = x? 
and y = 3x’. Tripling the y-coordinate 
triples the slope (Example 2). 


Denoting Functions by u and v 

The functions we are working with when 
we need a differentiation formula are 
likely to be denoted by letters like f and g. 
We do not want to use these same letters 
when stating general differentiation rules, 
so instead we use letters like u and v that 
are not likely to be already in use. 


Derivative Constant Multiple Rule 


If u is a differentiable function of x, and c is a constant, then 


du 


d = padeed 
ae (cu) =c dx 


In particular, if m is any real number, then 


d ny — n—-1 
ae (cx") = cnx"™™.” 


Proof 
d eu = lim cu(x + h) — cu) Derivative definition 
dx h—0 h with f(x) = cu(x) 
~ ux + h) — u(r) 
= clim h Constant Multiple Limit Property 
1 
du 
= © iy u is differentiable. O 
EXAMPLE 2 


(a) The derivative formula 


@ (3,2) = 3.94 = 
7 OX) 3+2x = 6x 


says that if we rescale the graph of y = x? by multiplying each y-coordinate by 3, 
then we multiply the slope at each point by 3 (Figure 3.10). 


(b) Negative of a function 


The derivative of the negative of a differentiable function u is the negative of the func- 


tion’s derivative. The Constant Multiple Rule with c = —1 gives 
d _d Ste es ad _ _ du 
dx a dx orem) : dx () dx’ . 


The next rule says that the derivative of the sum of two differentiable functions is the 
sum of their derivatives. 


Derivative Sum Rule 


If uw and v are differentiable functions of x, then their sum u + v is differentiable 
at every point where uw and v are both differentiable. At such points, 


For example, if y = x* + 12x, then y is the sum of u(x) = x* and u(x) = 12x. We 
then have 


ey 


eer (xt) + £ (12x) = 4x3 + 12. 


FIGURE 3.11 The curve in Example 4 
and its horizontal tangents. 
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Proof We apply the definition of the derivative to f(x) = u(x) + v(x): 


(x + h) + v(x + h)| — | u(x) + v(x) 
4 yx) + vex] = tim MO U(x ms [u(x v(x) | 
ux + h)-— ux) vat h) — v(x) 
= lm + 
h—0 h h 
_ Uxtrhy—ux) ., vet h)— vX%) du , du 
= > h a ey a 


Combining the Sum Rule with the Constant Multiple Rule gives the Difference Rule, 
which says that the derivative of a difference of differentiable functions is the difference of 
their derivatives: 


d _d _ du dv _ du dv 
dx =a) axl ae dx a dx dx dx’ 
The Sum Rule also extends to finite sums of more than two functions. If uw), uo, ..., Uy, 
are differentiable at x, then so is uw, + uw.+--: + u,, and 
d Bout ie _ du 4 dun = rf du, 
dx i Un) = dx dx dx ° 


For instance, to see that the rule holds for three functions we compute 


dx nt My ls dx as "2 Ms dx is "2 dx dx dx dx~ 


A proof by mathematical induction for any finite number of terms is given in Appendix 2. 


EXAMPLE 3 Find the derivative of the polynomial y = x? + fx? — 5x41. 
d 
Solution os = ox + 4 (42) é (5x) + 4 (1) Sum and Difference Rules 
= ao a 4 aa ae 
= 3x + 3°2x— 5 + 0= 3x + 3x — 5 Oo 


We can differentiate any polynomial term by term, the way we differentiated the poly- 
nomial in Example 3. All polynomials are differentiable at all values of x. 


EXAMPLE 4 Does the curve y = x* — 2x? + 2 have any horizontal tangents? If so, 
where? 
Solution The horizontal tangents, if any, occur where the slope dy/dx is zero. We have 


dy _ dia 2 = Ass 
ie ie 2x + 2) = 4x Ax. 


d 
Now solve the equation = 0 for x: 


d. 
4x3 — 4x = 0 
4x(x2 — 1) = 0 
x =0,1,-1. 


The curve y = x* — 2x2 + 2 has horizontal tangents at x = 0,1, and —1. The corre- 
sponding points on the curve are (0, 2), (1, 1), and (—1, 1). See Figure 3.11. We will see in 
Chapter 4 that finding the values of x where the derivative of a function is equal to zero is 
an important and useful procedure. | 
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>h 


FIGURE 3.12 The position of the curve 
y = (a" — 1)/h, a > 0, varies continu- 
ously with a. The limit L of y as h > 0 
changes with different values of a. The 
number for which L = 1 as h— 0 is the 
number e between a = 2 anda = 3. 


Derivatives of Exponential Functions 


We briefly reviewed exponential functions in Section 1.5. When we apply the definition of 
the derivative to f(x) = a’, we get 


d . qth = ae 
(a*) = lim Derivative definition 
dx h-0 h 
Xe _— x 
= lim 5 a arth = gregh 
h-0 
 — 1 
= lima’: Factoring out a* 
h0 h 
q' = 
= a: lim a’ is constant as h > 0. 
hoo oh 
h 
we = 1 ’ 
= | lim “a. (1) 
no A 


ee 
a fixed number L 


Thus we see that the derivative of a‘ is a constant multiple L of a‘. The constant L is a 
limit unlike any we have encountered before. Note, however, that it equals the derivative 
of f(x) = @ at x = 0: 
h 0 h 
2G =a a= 1 
‘(O) = lim = lim = 
FO) amo A ao A 


L. 


The limit L is therefore the slope of the graph of f(x) = a* where it crosses the y-axis. In 
Chapter 7, where we carefully develop the logarithmic and exponential functions, we 
prove that the limit LZ exists and has the value In a. For now we investigate values of L by 
graphing the function y = (a — 1)/h and studying its behavior as h approaches 0. 

Figure 3.12 shows the graphs of y = (a" — 1)/h for four different values of a. The 
limit L is approximately 0.69 if a = 2, about 0.92 if a = 2.5, and about 1.1 if a = 3. It 
appears that the value of L is 1 at some number a chosen between 2.5 and 3. That number 
is given by a = e ~ 2.718281828. With this choice of base we obtain the natural expo- 
nential function f(x) = e* as in Section 1.5, and see that it satisfies the property 


= 


FO) = fim GF = 1 2) 


because it is the exponential function whose graph has slope | when it crosses the y-axis. 
That the limit is 1 implies an important relationship between the natural exponential func- 
tion e* and its derivative: 


=lre=e4. Eq. (2) 


Therefore the natural exponential function is its own derivative. 


EXAMPLE 5 Find an equation for a line that is tangent to the graph of y = e* and 
goes through the origin. 


Solution Since the line passes through the origin, its equation is of the form y = mx, 
where m is the slope. If it is tangent to the graph at the point (a, e“), the slope is 
m = (ef — 0)/(a — 0). The slope of the natural exponential at x = a is e“. Because these 


FIGURE 3.13 The line through the ori- 
gin is tangent to the graph of y = e* when 
a = | (Example 5). 


Equation (3) is equivalent to saying that 


(fg)’ = f'g + fe’. 


This form of the Product Rule is useful 
and applies to dot products and cross 
products of vector-valued functions, 
studied in Chapter 13. 
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slopes are the same, we then have that e“ = e“/a. It follows that a = 1 and m = e, so the 
equation of the tangent line is y = ex. See Figure 3.13. a 


We might ask if there are functions other than the natural exponential function that 
are their own derivatives. The answer is that the only functions that satisfy the property 
that f’(x) = f(x) are functions that are constant multiples of the natural exponential func- 
tion, f(x) = c:e*, c any constant. We prove this fact in Section 7.2. Note from the Con- 
stant Multiple Rule that indeed 


d ns pd my An 3S 
a ey=c a ©? ce. 


Products and Quotients 


While the derivative of the sum of two functions is the sum of their derivatives, the deriva- 
tive of the product of two functions is not the product of their derivatives. For instance, 


dy aden _ ' d _ad Oe eh 
ae (x* x) cr (x°) = 2x, while ae (x) He (x)= 1-1 1. 


The derivative of a product of two functions is the sum of two products, as we now explain. 


Derivative Product Rule 


If u and v are differentiable at x, then so is their product uv, and 


d _ dv du 
a (uv) an + we 


The derivative of the product wv is u times the derivative of v plus v times the deriva- 
tive of u. In prime notation, (uv)' = uv’ + vu'. In function notation, 


4. [fog ] = fodg’@ + g@f'Q). (3) 


EXAMPLE 6 Find the derivative of (a) y = Lie + e), (b) y = e*. 


Solution 
(a) We apply the Product Rule with wu = 1/x and v = x? + e: 
d dv ,_ du 
rab a e)| = en + &) + (x? + e)(-4) oo a 
4 (4) as 
598528 ay) oe 
x 
=1+@-)S 
x 
d 2X _ 4a OE BN +, a x +, a x) — eS 2x 
(b) rr ) ae e)=e Tue +e an ©? 2e*-e* = 2e | 


EXAMPLE 7 Find the derivative of y = (x7 + 1)(x° + 3). 


Solution 
(a) From the Product Rule with uv = x? + 1 and v = x° + 3, we find 
d 


[+ )G8+3)) =@+DG2)+@4+3)@9 Say =u +o 


= 3x4 + 3x? + 2x4 + 6x 
= 5x* + 3x2 + 6x. 
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Picturing the Product Rule 
Suppose u(x) and v(x) are positive and 


increase when x increases, and h > 0. 


v(x + h) ah 
Av u(x + h) Av 
A 
v(x) 
u(x)u(x) (x) Au 
0 7 Au \ 
u(x) u(x + h) 


Then the change in the product uv is 
the difference in areas of the larger and 
smaller “squares,” which is the sum of 
the upper and right-hand reddish-shaded 
rectangles. That is, 


A(uv) = u(x 


= u(x 


h)yv(x + h) — u(x)v(x) 
h)Av + v(x)Au. 


Division by h gives 


aw) = ied mo vee 


The limit as h —~ 0* gives the Product 
Rule. 


(b) This particular product can be differentiated as well (perhaps better) by multiplying 
out the original expression for y and differentiating the resulting polynomial: 


y= (7? + 108 +3) = w+ 4+ 3x74 3 
d 
= 5xt + 3x? + 6x. 
dx 
This is in agreement with our first calculation. | 


Proof of the Derivative Product Rule 


d 4, ux + hyve + h) — ulx)yv) 
Be h 


To change this fraction into an equivalent one that contains difference quotients for the 
derivatives of u and v, we subtract and add u(x + h)v(x) in the numerator: 

~— ux + hyve + h) — u(x + h)v(x) + u(x + A)v(xX) — u(x)v(x) 

m 


d _ 
dx (uv) hm h 


v(x + h) — v(x) 
—— 


v(x) 


v(x + h) — v(x) 
h 


. u(x + h) — u(x) 
= 4 pale 
ra ue) h 


u(x + h) — u(x) 
a a 


limu(x + h)+ lim + v(x)+ lim 
h>0 h>0 h>0 


As h approaches zero, u(x + h) approaches u(x) because u, being differentiable at x, is con- 
tinuous at x. The two fractions approach the values of du/dx at x and du/dx at x. Therefore, 


d du du 
oF (uv) = are + UK |_| 


The derivative of the quotient of two functions is given by the Quotient Rule. 


Derivative Quotient Rule 


If u and v are differentiable at x and if u(x) ¥ 0, then the quotient u/v is dif- 
ferentiable at x, and 


du du 


dflu Ma dk 
de\¥) = — a 


In function notation, 


d Fal _ 8@f'@ — f@s'@) 


dx | g(x) g(x) 
Dh os 
EXAMPLE 8 _ Find the derivative of (a) y = 7 (b) y=e%. 
Solution 


(a) We apply the Quotient Rule with u = ? — landv=f +1: 
dy (@ +1)-2t- (2 — 1)-32 (1) 
dt (Pp + 17 dt\v 

_ 2tt + 2t — 3rt + 37 
(2+ 1p 
=P est 
(P+ 1P 


v(du/dt) — u(dv/dt) 


7 
y 
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anon @/ 1). eeO— Ite =) _ 4 
(b) Fe) ral ) t= ~e o 


e (e*) e 


Proof of the Derivative Quotient Rule 
u(x + h) u(x) 
d (x) _ v(x + h) 7 v(x) 


dx \v) — fim h 
v(x)u(x + h) — u(x)v(x + h) 
~ hoe + hyve) 


To change the last fraction into an equivalent one that contains the difference quotients for 
the derivatives of u and v, we subtract and add v(x)u(x) in the numerator. We then get 


d (x) = tan v(x)u(x + h) — v(x)u(x) + v(x)u(x) — u(x)v(x + h) 


dx \U h—0 hu(x + h)yv@) 
ney x + ” — u(x) ia" x + 7 — v(x) 
= lim 
h>0 v(x + h)v(x) 


Taking the limits in the numerator and denominator now gives the Quotient Rule. Exercise 
74 outlines another proof. a 


The choice of which rules to use in solving a differentiation problem can make a dif- 
ference in how much work you have to do. Here is an example. 


EXAMPLE 9 Find the derivative of 
(x — LQ? — 2x) 
y= ; 


x4 


Solution Using the Quotient Rule here will result in a complicated expression with 
many terms. Instead, use some algebra to simplify the expression. First expand the numer- 
ator and divide by x*: 


(x — DG? — 2x) x3 — 3x2 + 2x “4 
y= = =x 


x4 a 


— 3x? + 2x3, 


Then use the Sum and Power Rules: 


Os 


le ee Ge) ae” a 


Second- and Higher-Order Derivatives 


If y = f(x) is a differentiable function, then its derivative f'(x) is also a function. If f’ is 
also differentiable, then we can differentiate f’ to get a new function of x denoted by f”. 
So f” = (f’)'. The function f” is called the second derivative of f because it is the deriv- 
ative of the first derivative. It is written in several ways: 


aL d dy’ 
Fr 7 aa) = <= y" = DYf\(x) = D2 F(a). 


f"(x) — 


The symbol D? means the operation of differentiation is performed twice. 
If y = x°, then y’ = 6x° and we have 


d , 
a f. (6x5) = 30x4. 


Thus D?(x°) = 30x*. 
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How to Read the Symbols for 
Derivatives 


y “y prime” 


y “y double prime” 
— { “d squared y dx squared” 


y “Y triple prime” 


yy super n” 


“d to the n of y by dx to the n” 


If y" is differentiable, its derivative, y" = dy"/dx = d*y/dx?, is the third derivative 
of y with respect to x. The names continue as you imagine, with 


de 
(n) — (n-1l) = 
dx? dx 


d"y 
7 = Dy 


y 


denoting the mth derivative of y with respect to x for any positive integer n. 

We can interpret the second derivative as the rate of change of the slope of the tangent 
to the graph of y = f(x) at each point. You will see in the next chapter that the second 
derivative reveals whether the graph bends upward or downward from the tangent line as 
we move off the point of tangency. In the next section, we interpret both the second and 
third derivatives in terms of motion along a straight line. 


D" “D to the n” 


EXAMPLE 10 The first four derivatives of y = x? — 3x? + 2 are 
First derivative: y’ = 3x? — 6x 
Second derivative: y" = 6x — 6 
Third derivative: y” = 6 
Fourth derivative: y“ = 0. 


All polynomial functions have derivatives of all orders. In this example, the fifth and later 


derivatives are all zero. 


Exercises 


Derivative Calculations ltx-4Vx = 1 
In Exercises 1—12, find the first and second derivatives. 25. u = x se Vo + V0 
1 y=-x? + 3 2 y=xrtxt8 roe 1 te? Gee 2) 
3. 5 = 58 — 395 4. w = 327 — 723 + 212 ee ES Te eee 1) @— D@— 2) 
4x3 ; ee x2 + Bet 
—_ oe x eS x — —x 3x = ee eee, 
5. y= QT x + 2e se ee aa a 29. y= 2e* +e a Pa 
7. w = 3z7 - 7 8. 5 =—-2r! + ss 31. y = xe" 32. w= re" 
’ 33. y= 4+ 34, y= x3 + 77? 
9. y = 6x? — 10x — 5x? 10. y=4-2x- x3 1 - 
35. s = 26/7 + 3e? 36. w=—5 + > 
1 5 12. 4 1 zi4 9 a/z 
ar aleve Sy aa ag z 
ll. r 32 2s 12. r 6. + rv 
37. y= Wx? -— x° 38. y = Wx + 2¢!3 
In Exercises 13-16, find y' (a) by applying the Product Rule and 7 1 
(b) by multiplying the factors to produce a sum of simpler terms to 39% r= < 40. r = e° ar a) 
differentiate. 


13. y = (3 


15. y = (x 4 (2 + 54 t) 16. y = (1 + x*)(x3/4 — x) 


x)(3 — x + 1) 14. y = (2x + 3)(5x? - 4x) 


Find the derivatives of the functions in Exercises 17-40. 


Find the derivatives of all orders of the functions in Exercises 41-44. 


x4 3 5 


4. y=>- 5x -x 42. 


2 2 


43. y=(x— Lt 243) 44. 


x 


¥* 120 
(4x7 + 3)(2 — x)x 


ll 


y 


WW. y= 2x + 5 8. <= 4 — 3x Find the first and second derivatives of the functions in Exercises 
oe 3 9 ° 3x2 + x 45-52. 
Pee p= 7 45 PHT _P+5t-1 
, = , ee tis -y= 46. s = ———_ 
19. g(x) +405 20. f(t) 2 x P 
Aev=(i-aU +P)! 22. w= x - 7) + 5) _@- DE +G+t 1) _@t+ae?- «+ 
47. r 23 48. u ri 
vVs-1 5x +1 7 
23. = 24. u= 2 
BON faa OS OWS q +3 


49: ee (? i *\e 2 (Si. 


3z 


* @-¥+Grry 


51. w = 3z°e% 52. w = e(z — (22 + 1) 
53. Suppose u and v are functions of x that are differentiable at 


x = 0 and that 


u(0) = 5, u'(0) =—3, vO) =—-1, v'(0) = 2. 


Find the values of the following derivatives at x = 0. 


d df{u df{v d 
a. ax) b. 4(4) c. 2(z) d. rm = 2u) 


54. Suppose u and v are differentiable functions of x and that 
ud) = 2, w'(d)=0, vil) =5, vd) =-l. 


Find the values of the following derivatives at x = 1. 


d dfu dfv d 
a. dy UY) b. 2 (4) c. 2(z) d. dee! — 2u) 


Slopes and Tangents 
55. a. Normal toacurve Find an equation for the line perpendicular 
to the tangent to the curve y = x°> — 4x + 1 at the point (2, 1). 


b. Smallest slope What is the smallest slope on the curve? At 
what point on the curve does the curve have this slope? 


c. Tangents having specified slope Find equations for the tan- 
gents to the curve at the points where the slope of the curve is 8. 


56. a. Horizontal tangents Find equations for the horizontal tan- 
gents to the curve y = x* — 3x — 2. Also find equations for 
the lines that are perpendicular to these tangents at the points 
of tangency. 


b. Smallest slope What is the smallest slope on the curve? At 
what point on the curve does the curve have this slope? Find 
an equation for the line that is perpendicular to the curve’s 
tangent at this point. 


57. Find the tangents to Newton’s serpentine (graphed here) at the 
origin and the point (1, 2). 


58. Find the tangent to the Witch of Agnesi (graphed here) at the point 
(2, 1). 


LL (2, 1) 


fe Sl) See 
Oo; 1 2 3 


>X 


59. Quadratic tangent to identity function The curve y= 
ax? + bx + c passes through the point (1, 2) and is tangent to the 
line y = x at the origin. Find a, b, and c. 

60. Quadratics having a common tangent The curves y= 
x? + ax + b and y = cx — x* have a common tangent line at 
the point (1, 0). Find a, b, and c. 
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61. Find all points (x, y) on the graph of f(x) = 3x? — 4x with tan- 
gent lines parallel to the line y = 8x + 5. 


62. Find all points (x, y) on the graph of g(x) = 5x3 


tangent lines parallel to the line 8x — 2y = 1. 


— 3x7 + 1 with 


63. Find all points (x, y) on the graph of y = x/(x — 2) with tangent 
lines perpendicular to the line y = 2x + 3. 


64. Find all points (x, y) on the graph of f(x) = x? with tangent lines 
passing through the point (3, 8). 


65. a. Find an equation for the line that is tangent to the curve 
y = x3 — x at the point (—1, 0). 


T| b. Graph the curve and tangent line together. The tangent inter- 
sects the curve at another point. Use Zoom and Trace to esti- 
mate the point’s coordinates. 


T|¢. Confirm your estimates of the coordinates of the second 
intersection point by solving the equations for the curve and 
tangent simultaneously (Solver key). 


66. a. Find an equation for the line that is tangent to the curve 
y = x3 — 6x? + 5x at the origin. 


T| b. Graph the curve and tangent together. The tangent intersects 
the curve at another point. Use Zoom and Trace to estimate 
the point’s coordinates. 


T| ce. Confirm your estimates of the coordinates of the second 
intersection point by solving the equations for the curve and 
tangent simultaneously (Solver key). 


Theory and Examples 
For Exercises 67 and 68 evaluate each limit by first converting each to 
a derivative at a particular x-value. 


750: 2. 2/9 _ 
CO: tin — 68. lim ~ u 


xol x — 1 x>-1 x+1 


69. Find the value of a that makes the following function differentia- 
ble for all x-values. 


(x) es ifx <0 
y= 
. x-— 3x, ifx=0 


70. Find the values of a and b that make the following function dif- 
ferentiable for all x-values. 


71. The general polynomial of degree n has the form 


P(X) = AyX" + dy—yx" | + +++ + ayx* + ayx + ay 


where a, # 0. Find P'(x). 
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72. The body’s reaction to medicine The reaction of the body to a 
dose of medicine can sometimes be represented by an equation of 


the form 
C M 
—~y2(e&_ M4 
R w( a 


where C is a positive constant and M is the amount of medicine 
absorbed in the blood. If the reaction is a change in blood pres- 
sure, R is measured in millimeters of mercury. If the reaction is a 
change in temperature, R is measured in degrees, and so on. 

Find dR/dM. This derivative, as a function of M, is called the 
sensitivity of the body to the medicine. In Section 4.5, we will see 
how to find the amount of medicine to which the body is most 
sensitive. 


73. Suppose that the function v in the Derivative Product Rule has a 
constant value c. What does the Derivative Product Rule then say? 
What does this say about the Derivative Constant Multiple Rule? 


74. The Reciprocal Rule 


a. The Reciprocal Rule says that at any point where the function 
v(x) is differentiable and different from zero, 


LA eS eee 

dx\U v2 dx’ 
Show that the Reciprocal Rule is a special case of the Deriva- 
tive Quotient Rule. 


b. Show that the Reciprocal Rule and the Derivative Product 
Rule together imply the Derivative Quotient Rule. 


75. Generalizing the Product Rule The Derivative Product Rule 
gives the formula 


dv du 


4 (yy) = 
dx te) Ha Ty 


for the derivative of the product wv of two differentiable func- 
tions of x. 


a. What is the analogous formula for the derivative of the prod- 
uct uuw of three differentiable functions of x? 


b. What is the formula for the derivative of the product uw, u,u3U4 
of four differentiable functions of x? 


c. What is the formula for the derivative of a product u,u2U3° °° U, 
of a finite number n of differentiable functions of x? 
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76. 


77. 


78. 


Power Rule for negative integers Use the Derivative Quotient 
Rule to prove the Power Rule for negative integers, that is, 


dad —my — — —m-1 
te (x) mx 


where mm is a positive integer. 


Cylinder pressure If gas in a cylinder is maintained at a con- 
stant temperature T, the pressure P is related to the volume V by a 
formula of the form 


nRT an 


CF ah. VE 


in which a, b, n, and R are constants. Find dP/dV. (See accompa- 
nying figure.) 


The best quantity to order One of the formulas for inventory 
management says that the average weekly cost of ordering, pay- 
ing for, and holding merchandise is 
Acq) = M+ om + 2, 

where q is the quantity you order when things run low (shoes, 
TVs, brooms, or whatever the item might be); k is the cost of 
placing an order (the same, no matter how often you order); c is 
the cost of one item (a constant); m is the number of items sold 
each week (a constant); and h is the weekly holding cost per item 
(a constant that takes into account things such as space, utilities, 
insurance, and security). Find dA/dq and d*A/dq’. 


In Section 2.1 we introduced average and instantaneous rates of change. In this section we 
study further applications in which derivatives model the rates at which things change. It is 
natural to think of a quantity changing with respect to time, but other variables can be 
treated in the same way. For example, an economist may want to study how the cost of 
producing steel varies with the number of tons produced, or an engineer may want to 
know how the power output of a generator varies with its temperature. 


Instantaneous Rates of Change 


If we interpret the difference quotient (f(x + h) — f(x))/h as the average rate of change 
in f over the interval from x to x + h, we can interpret its limit as h — 0 as the rate at 
which f is changing at the point x. 


Position at time t... and at time t + Ar 
- As 


‘e- => e > 
s=f(t) s+ As = f(t + At) 


FIGURE 3.14 The positions of a body 
moving along a coordinate line at time f 
and shortly later at time t + At. Here the 
coordinate line is horizontal. 


Ss 
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DEFINITION The instantaneous rate of change of f with respect to x at xp is 
the derivative 
Xo + h) — f(% 
$e) = jim 2+ = few) 


h-0 


provided the limit exists. 


Thus, instantaneous rates are limits of average rates. 


It is conventional to use the word instantaneous even when x does not represent time. 
The word is, however, frequently omitted. When we say rate of change, we mean instanta- 
neous rate of change. 


EXAMPLE 1 The area A of a circle is related to its diameter by the equation 
— 7m 
A ri D-. 


How fast does the area change with respect to the diameter when the diameter is 10 m? 


Solution The rate of change of the area with respect to the diameter is 


When D = 10m, the area is changing with respect to the diameter at the rate of 
(7 /2)10 = 5a m?/m ~ 15.71 m’/m. a 


Motion Along a Line: Displacement, Velocity, Speed, 
Acceleration, and Jerk 


Suppose that an object (or body, considered as a whole mass) is moving along a coordinate 
line (an s-axis), usually horizontal or vertical, so that we know its position s on that line as 
a function of time f: 


s= fo. 
The displacement of the object over the time interval from f to tf + At (Figure 3.14) is 
As = f(t + At) — fd, 
and the average velocity of the object over that time interval is 
displacement Ay f(t + A — fH 


v= : — 
ay travel time At At 


To find the body’s velocity at the exact instant t, we take the limit of the average 
velocity over the interval from ft to tf + At as At shrinks to zero. This limit is the deriva- 
tive of f with respect to ¢. 


DEFINITION Velocity (instantaneous velocity) is the derivative of position with 
respect to time. If a body’s position at time ris s = f(#), then the body’s velocity 
at time f is 


_ds_ ,.. ft + AD — fO 
uy dt ne At : 
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a 


0 >t 
(a) s increasing: 
positive slope so 
moving upward 
s 
>t 


(b) s decreasing: 
negative slope so 
moving downward 


FIGURE 3.15 For motion s = f(t) 
along a straight line (the vertical 
axis), uv = ds/dt is (a) positive when 
s increases and (b) negative when s 
decreases. 


HISTORICAL BIOGRAPHY 
Bernard Bolzano 


(1781-1848) 


Besides telling how fast an object is moving along the horizontal line in Figure 3.14, its 
velocity tells the direction of motion. When the object is moving forward (s increasing), the 
velocity is positive; when the object is moving backward (s decreasing), the velocity is 
negative. If the coordinate line is vertical, the object moves upward for positive velocity and 
downward for negative velocity. The blue curves in Figure 3.15 represent position along the 
line over time; they do not portray the path of motion, which lies along the vertical s-axis. 

If we drive to a friend’s house and back at 30 mph, say, the speedometer will show 30 
on the way over but it will not show —30 on the way back, even though our distance from 
home is decreasing. The speedometer always shows speed, which is the absolute value of 
velocity. Speed measures the rate of progress regardless of direction. 


DEFINITION Speed is the absolute value of velocity. 


ds 


Speed = |v(t)| = a 


EXAMPLE 2 __ Figure 3.16 shows the graph of the velocity v = f’(f) of a particle moving 
along a horizontal line (as opposed to showing a position function s = f(f) such as in Figure 
3.15). In the graph of the velocity function, it’s not the slope of the curve that tells us if the par- 
ticle is moving forward or backward along the line (which is not shown in the figure), but rather 
the sign of the velocity. Looking at Figure 3.16, we see that the particle moves forward for the 
first 3 sec (when the velocity is positive), moves backward for the next 2 sec (the velocity is 
negative), stands motionless for a full second, and then moves forward again. The particle is 
speeding up when its positive velocity increases during the first second, moves at a steady 
speed during the next second, and then slows down as the velocity decreases to zero during the 
third second. It stops for an instant at tf = 3 sec (when the velocity is zero) and reverses direc- 
tion as the velocity starts to become negative. The particle is now moving backward and gain- 
ing in speed until tf = 4 sec, at which time it achieves its greatest speed during its backward 
motion. Continuing its backward motion at time tf = 4, the particle starts to slow down again 
until it finally stops at time tf = 5 (when the velocity is once again zero). The particle now 
remains motionless for one full second, and then moves forward again at t = 6 sec, speeding 
up during the final second of the forward motion indicated in the velocity graph. a 


The rate at which a body’s velocity changes is the body’s acceleration. The acceleration 
measures how quickly the body picks up or loses speed. In Chapter 13 we will study motion in 
the plane and in space, where acceleration of an object may also lead to a change in direction. 

A sudden change in acceleration is called a jerk. When a ride in a car or a bus is jerky, 
it is not that the accelerations involved are necessarily large but that the changes in accel- 
eration are abrupt. 


DEFINITIONS Acceleration is the derivative of velocity with respect to time. 
If a body’s position at time tis s = f(f), then the body’s acceleration at time ¢ is 


_ du _ ds 
a(t) = ne 
Jerk is the derivative of acceleration with respect to time: 
(ny = a4 _ &s 
nie) rs dt =? dp 


Near the surface of Earth all bodies fall with the same constant acceleration. Galileo’s 
experiments with free fall (see Section 2.1) lead to the equation 


s= Set, 


t (seconds) s (meters) 
t=0 @ _-0 
t=1 0) 5 

10 
15 
t=2 ©) £20 
25 
30 
35 
40 
r=3 6) 145 


FIGURE 3.17 A ball bearing 
falling from rest (Example 3). 
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v 
A 

MOVES FORWARD | FORWARD | 

(> 0) AGAIN 

Velocity v = f'(#) (ee) 

| 

|__ Speeds 2 Steady a Slows |_ Speeds _| 

me) \(v = const), down Ue 


t (sec) 


Greatest 
speed 


\ 


le Speeds | Slows 


a >! 
up | down 
I 
I 
MOVES BACKWARD 
(v <0) 


FIGURE 3.16 The velocity graph of a particle moving along a horizontal line, 
discussed in Example 2. 


where s is the distance fallen and g is the acceleration due to Earth’s gravity. This equation 
holds in a vacuum, where there is no air resistance, and closely models the fall of dense, 
heavy objects, such as rocks or steel tools, for the first few seconds of their fall, before the 
effects of air resistance are significant. 

The value of g in the equation s = (1/2)gt? depends on the units used to measure f 
and s. With ¢ in seconds (the usual unit), the value of g determined by measurement at sea 
level is approximately 32 ft/sec? (feet per second squared) in English units, and 
g = 9.8 m/sec” (meters per second squared) in metric units. (These gravitational con- 
stants depend on the distance from Earth’s center of mass, and are slightly lower on top of 
Mt. Everest, for example.) 

The jerk associated with the constant acceleration of gravity (g¢ = 32 ft/sec’) is zero: 


dg a. 


An object does not exhibit jerkiness during free fall. 


EXAMPLE 3 Figure 3.17 shows the free fall of a heavy ball bearing released from 
rest at time ¢ = O sec. 


(a) How many meters does the ball fall in the first 3 sec? 


(b) What is its velocity, speed, and acceleration when t = 3? 


Solution 
(a) The metric free-fall equation is s = 4.977. During the first 3 sec, the ball falls 


5(3) = 4.933)? = 44.1 m. 
(b) At any time f, velocity is the derivative of position: 


v(t) = s'(f) = (4.91) = 9.8¢. 
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Sma ER v=0 


Height (ft) 


s = 160t — 1627 


160 


—160 v= Fh 160 — 32t 


(b) 


FIGURE 3.18 (a) The rock in Example 4. 


(b) The graphs of s and v as functions of 
time; s is largest when v = ds/dt = 0. 
The graph of s is not the path of the rock: 
It is a plot of height versus time. The slope 
of the plot is the rock’s velocity, graphed 
here as a straight line. 


At t = 3, the velocity is 
v(3) = 29.4 m/sec 
in the downward (increasing s) direction. The speed at t = 3 is 
speed = |v(3)| = 29.4 m/sec. 
The acceleration at any time t is 
a(t) = v'(t) = s"(t) = 9.8 m/sec?. 


At t = 3, the acceleration is 9.8 m/sec”. Oo 


EXAMPLE 4 A dynamite blast blows a heavy rock straight up with a launch velocity 
of 160 ft/sec (about 109 mph) (Figure 3.18a). It reaches a height of s = 160t — 162? ft 
after ft sec. 


(a) How high does the rock go? 


(b) What are the velocity and speed of the rock when it is 256 ft above the ground on the 
way up? On the way down? 


(c) What is the acceleration of the rock at any time ¢ during its flight (after the blast)? 
(d) When does the rock hit the ground again? 


Solution 

(a) In the coordinate system we have chosen, s measures height from the ground up, so the 
velocity is positive on the way up and negative on the way down. The instant the rock is 
at its highest point is the one instant during the flight when the velocity is 0. To find the 
maximum height, all we need to do is to find when v = 0 and evaluate s at this time. 


At any time f¢ during the rock’s motion, its velocity is 


ds _d ae 
v= dt dt (1008 16t*) = 160 — 32r ft/sec. 


The velocity is zero when 
160 — 32r = 0 or t = S5sec. 
The rock’s height at tf = 5sec is 
Smax = 8(5) = 160(5) — 16(5)’ = 800 — 400 = 400 ft. 
See Figure 3.1 8b. 


(b) To find the rock’s velocity at 256 ft on the way up and again on the way down, we first 
find the two values of t for which 


s(t) = 160t — 1627 = 256. 
To solve this equation, we write 
1617 — 160f + 256 = 0 
16(¢? — 10¢ + 16) = 0 
(t — 2)(t — 8) = 0 
t = 2sec, t = 8sec. 


The rock is 256 ft above the ground 2 sec after the explosion and again 8 sec after the 
explosion. The rock’s velocities at these times are 


v(2) = 160 — 32(2) = 160 — 64 = 96 ft/sec. 
v(8) = 160 — 32(8) = 160 — 256 = —96 ft/sec. 


Cost y (dollars) 


Slope = 
marginal cost 


y =c() 


>X 


0 x x+h 
Production (tons/week) 


FIGURE 3.19 Weekly steel production: 
c(x) is the cost of producing x tons per 
week. The cost of producing an additional 
h tons is c(x + h) — c(x). 


>X 


0 x x+1 


FIGURE 3.20 The marginal cost dc/dx 
is approximately the extra cost Ac of 
producing Ax = 1 more unit. 
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At both instants, the rock’s speed is 96 ft/sec. Since v(2) > 0, the rock is moving 
upward (s is increasing) at f = 2sec; it is moving downward (s is decreasing) at 
t = 8 because v(8) < 0. 


(c) At any time during its flight following the explosion, the rock’s acceleration is a constant 


du 
dt 


C= = £ (160 321) = —32 ft/sec’. 
The acceleration is always downward and is the effect of gravity on the rock. As the 
rock rises, it slows down; as it falls, it speeds up. 


(d) The rock hits the ground at the positive time t for which s = 0. The equation 
160¢ — 1677 = 0 factors to give 1610 — f) = 0, so it has solutions t = 0 and 
t = 10. At t = 0, the blast occurred and the rock was thrown upward. It returned to 
the ground 10 sec later. | 


Derivatives in Economics 


Engineers use the terms velocity and acceleration to refer to the derivatives of functions 
describing motion. Economists, too, have a specialized vocabulary for rates of change and 
derivatives. They call them marginals. 

In a manufacturing operation, the cost of production c(x) is a function of x, the num- 
ber of units produced. The marginal cost of production is the rate of change of cost with 
respect to level of production, so it is dc/dx. 

Suppose that c(x) represents the dollars needed to produce x tons of steel in one week. 
It costs more to produce x + h tons per week, and the cost difference, divided by h, is the 
average cost of producing each additional ton: 


c(x + h) — c(x) _ average cost of each of the additional 
h ~ h tons of steel produced. 


The limit of this ratio as h — 0 is the marginal cost of producing more steel per week 
when the current weekly production is x tons (Figure 3.19): 


dc _ ,. cx + h) — c@) 
oo lim h = marginal cost of production. 
Sometimes the marginal cost of production is loosely defined to be the extra cost of 
producing one additional unit: 


Ac _ c& + 1) — c@) 
Ax 1 : 


which is approximated by the value of dc/dx at x. This approximation is acceptable if the 
slope of the graph of c does not change quickly near x. Then the difference quotient will be 
close to its limit dc/dx, which is the rise in the tangent line if Ax = 1 (Figure 3.20). The 
approximation works best for large values of x. 

Economists often represent a total cost function by a cubic polynomial 


cx) = ax? + Bx? + yx + 6 


where 6 represents fixed costs, such as rent, heat, equipment capitalization, and manage- 
ment costs. The other terms represent variable costs, such as the costs of raw materials, 
taxes, and labor. Fixed costs are independent of the number of units produced, whereas 
variable costs depend on the quantity produced. A cubic polynomial is usually adequate to 
capture the cost behavior on a realistic quantity interval. 


EXAMPLE 5 Suppose that it costs 


c(x) = x9 — 6x? + 15x 
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> ?p 


(b) 


FIGURE 3.21 (a) The graph of 

y = 2p — p’, describing the proportion of 
smooth-skinned peas in the next genera- 
tion. (b) The graph of dy/dp 

(Example 7). 


dollars to produce x radiators when 8 to 30 radiators are produced and that 
r(x) = x8 — 3x? + 12x 


gives the dollar revenue from selling x radiators. Your shop currently produces 10 radiators 
a day. About how much extra will it cost to produce one more radiator a day, and what is 
your estimated increase in revenue for selling 11 radiators a day? 


Solution The cost of producing one more radiator a day when 10 are produced is about 
c’(10): 


l(a) = 2 (x9 = 6x2 + 15x) = 3x? = 12K + 15 


c'(10) = 3(100) — 12(10) + 15 = 195. 


The additional cost will be about $195. The marginal revenue is 
r'(x) = £3 — 3x? + 12x) = 3x* — 6x + 12. 


The marginal revenue function estimates the increase in revenue that will result from sell- 
ing one additional unit. If you currently sell 10 radiators a day, you can expect your reve- 
nue to increase by about 


r'(10) = 3(100) — 6(10) + 12 = $252 


if you increase sales to 11 radiators a day. | 


EXAMPLE 6 To get some feel for the language of marginal rates, consider marginal 
tax rates. If your marginal income tax rate is 28% and your income increases by $1000, 
you can expect to pay an extra $280 in taxes. This does not mean that you pay 28% of your 
entire income in taxes. It just means that at your current income level /, the rate of increase 
of taxes T with respect to income is dT/dI = 0.28. You will pay $0.28 in taxes out of 
every extra dollar you earn. Of course, if you earn a lot more, you may land in a higher tax 
bracket and your marginal rate will increase. a 


Sensitivity to Change 


When a small change in x produces a large change in the value of a function f(x), we say 
that the function is relatively sensitive to changes in x. The derivative f’(x) is a measure of 
this sensitivity. 


EXAMPLE 7 Genetic Data and Sensitivity to Change 


The Austrian monk Gregor Johann Mendel (1822-1884), working with garden peas and 
other plants, provided the first scientific explanation of hybridization. 

His careful records showed that if p (a number between 0 and 1) is the frequency of the 
gene for smooth skin in peas (dominant) and (1 — p) is the frequency of the gene for wrin- 
kled skin in peas, then the proportion of smooth-skinned peas in the next generation will be 


y = 2p(1 — p) + p? = 2p — p*. 


The graph of y versus p in Figure 3.21a suggests that the value of y is more sensitive to a 
change in p when p is small than when p is large. Indeed, this fact is borne out by the 
derivative graph in Figure 3.21b, which shows that dy/dp is close to 2 when p is near 0 
and close to 0 when p is near 1. 

The implication for genetics is that introducing a few more smooth skin genes into a 
population where the frequency of wrinkled skin peas is large will have a more dramatic 
effect on later generations than will a similar increase when the population has a large pro- 
portion of smooth skin peas. | 


Exercises 


Motion Along a Coordinate Line 
Exercises 1-6 give the positions s = f(f) of a body moving on a coor- 
dinate line, with s in meters and f in seconds. 


PY by 


a. Find the body’s displacement and average velocity for the 
given time interval. 


b. Find the body’s speed and acceleration at the endpoints of the 
interval. 


c. When, if ever, during the interval does the body change direction? 
s=fP-3t+2, 0<t=<2 

s=6t-P7, 0=t=6 

s=-P+3P-34, 051'r53 


s=(t/4)-P +P, 0513 
25 5 

ee 1srs5 
ae 

S= Tas 4=rt=0 


Particle motion At time ¢, the position of a body moving along 
the s-axis is s = 2 — 6f + 9tm. 


a. Find the body’s acceleration each time the velocity is zero. 
b. Find the body’s speed each time the acceleration is zero. 
c. Find the total distance traveled by the body from t = 0 tot = 2. 


Particle motion At time ¢t = 0, the velocity of a body moving 
along the horizontal s-axis is v = 1? — 4t + 3. 


a. Find the body’s acceleration each time the velocity is zero. 
b. When is the body moving forward? Backward? 


c. When is the body’s velocity increasing? Decreasing? 


Free-Fall Applications 


9. 


10. 


11. 


Free fall on Mars and Jupiter The equations for free fall at 
the surfaces of Mars and Jupiter (s in meters, f in seconds) are 
s = 1.8627 on Mars and s = 11.447? on Jupiter. How long does it 
take a rock falling from rest to reach a velocity of 27.8 m/sec 
(about 100 km/h) on each planet? 


Lunar projectile motion A rock thrown vertically upward 
from the surface of the moon at a velocity of 24 m/sec (about 
86 km/h) reaches a height of s = 24t — 0.87? m inf sec. 


a. Find the rock’s velocity and acceleration at time ¢. (The accel- 
eration in this case is the acceleration of gravity on the moon.) 


b. How long does it take the rock to reach its highest point? 
c. How high does the rock go? 


d. How long does it take the rock to reach half its maximum 
height? 


e. How long is the rock aloft? 


Finding g on a small airless planet Explorers on a small airless 
planet used a spring gun to launch a ball bearing vertically upward 
from the surface at a launch velocity of 15 m/sec. Because the accel- 
eration of gravity at the planet’s surface was g, m/sec”, the explorers 
expected the ball bearing to reach a height of s = 15¢ — (1/2)g,t? m 
t sec later. The ball bearing reached its maximum height 20 sec after 
being launched. What was the value of g,? 


12. 


13. 


14. 


r 


en. \ 
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Speeding bullet A 45-caliber bullet shot straight up from the 
surface of the moon would reach a height of s = 832r — 2.6/7 ft 
after t sec. On Earth, in the absence of air, its height would be 
s = 832t — 16r° ft after t sec. How long will the bullet be aloft in 
each case? How high will the bullet go? 


Free fall from the Tower of Pisa Had Galileo dropped a can- 

nonball from the Tower of Pisa, 179 ft above the ground, the 

ball’s height above the ground ¢ sec into the fall would have been 

s = 179 — 16?. 

a. What would have been the ball’s velocity, speed, and acceler- 
ation at time ft? 


b. About how long would it have taken the ball to hit the ground? 


c. What would have been the ball’s velocity at the moment of 
impact? 

Galileo’s free-fall formula Galileo developed a formula for a 
body’s velocity during free fall by rolling balls from rest down 
increasingly steep inclined planks and looking for a limiting for- 
mula that would predict a ball’s behavior when the plank was 
vertical and the ball fell freely; see part (a) of the accompanying 
figure. He found that, for any given angle of the plank, the ball’s 
velocity f sec into motion was a constant multiple of ¢. That is, the 
velocity was given by a formula of the form v = kt. The value of 
the constant k depended on the inclination of the plank. 

In modern notation—part (b) of the figure—with distance in 
meters and time in seconds, what Galileo determined by experi- 
ment was that, for any given angle 0, the ball’s velocity ¢ sec into 
the roll was 


v = 9,8(sin@)t m/sec. 


Free-fall 
position 


*) ) 
VT’ 


(a) (b) 


a. What is the equation for the ball’s velocity during free fall? 


b. Building on your work in part (a), what constant acceleration 
does a freely falling body experience near the surface of Earth? 


Understanding Motion from Graphs 
15. The accompanying figure shows the velocity v = ds/dt = f(t) 


(m/sec) of a body moving along a coordinate line. 


v (m/sec) 


> t (sec) 


a. When does the body reverse direction? 


b. When (approximately) is the body moving at a constant speed? 
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16. 


17. 


c. Graph the body’s speed for 0 = t = 10. 
d. Graph the acceleration, where defined. 


A particle P moves on the number line shown in part (a) of the 
accompanying figure. Part (b) shows the position of P as a func- 
tion of time ¢. 


—s > 5 (cm) 


1 t (sec 
6 > t (sec) 


(6, —4) 


(b) 


a. When is P moving to the left? Moving to the right? Standing 
still? 


b. Graph the particle’s velocity and speed (where defined). 


Launching a rocket When a model rocket is launched, the pro- 
pellant burns for a few seconds, accelerating the rocket upward. 
After burnout, the rocket coasts upward for a while and then 
begins to fall. A small explosive charge pops out a parachute 
shortly after the rocket starts down. The parachute slows the 
rocket to keep it from breaking when it lands. 

The figure here shows velocity data from the flight of the 
model rocket. Use the data to answer the following. 


a. How fast was the rocket climbing when the engine stopped? 


b. For how many seconds did the engine burn? 


200 


150 


100 


50 


Velocity (ft/sec) 
j 
j 
j 
j 


bi 2 4 6 8 10 12 


Time after launch (sec) 


c. When did the rocket reach its highest point? What was its 
velocity then? 


d. When did the parachute pop out? How fast was the rocket 
falling then? 


e. How long did the rocket fall before the parachute opened? 
f. When was the rocket’s acceleration greatest? 


g. When was the acceleration constant? What was its value then 
(to the nearest integer)? 


18. The accompanying figure shows the velocity v = f(f) of a particle 


moving on a horizontal coordinate line. 


> t (sec) 


a. When does the particle move forward? Move backward? 
Speed up? Slow down? 


b. When is the particle’s acceleration positive? Negative? Zero? 
c. When does the particle move at its greatest speed? 
d. When does the particle stand still for more than an instant? 


19. Two falling balls The multiflash photograph in the accompa- 


nying figure shows two balls falling from rest. The vertical rulers 
are marked in centimeters. Use the equation s = 490r? (the free- 
fall equation for s in centimeters and f in seconds) to answer the 
following questions. (Source: PSSC Physics, 2nd ed., Reprinted 
by permission of Education Development Center, Inc.) 


a. How long did it take the balls to fall the first 160 cm? What 
was their average velocity for the period? 


b. How fast were the balls falling when they reached the 160-cm 
mark? What was their acceleration then? 


c. About how fast was the light flashing (flashes per second)? 


20. A traveling truck The accompanying graph shows the position 


21. 


22. 


s of a truck traveling on a highway. The truck starts at t = 0 and 

returns 15h later at t = 15. 

a. Use the technique described in Section 3.2, Example 3, to 
graph the truck’s velocity v = ds/dtfor0 = t = 15. Then 
repeat the process, with the velocity curve, to graph the 
truck’s acceleration du/dt. 

b. Suppose that s = 152? — f°. Graph ds/dt and d?s/dt? and 
compare your graphs with those in part (a). 


Position, s (km) 
Ww 
> 
S 


Porrturrit 
0 3 10 15 


Elapsed time, f (hr) 


The graphs in the accompanying figure show the position s, 
velocity v = ds/dt, and acceleration a = d’s/dt? of a body 
moving along a coordinate line as functions of time ft. Which 
graph is which? Give reasons for your answers. 


y 
nN 


® ® 
© 


>t 


The graphs in the accompanying figure show the position s, the 
velocity v = ds/dt, and the acceleration a = d*s/dt? of a body 
moving along a coordinate line as functions of time tf. Which 
graph is which? Give reasons for your answers. 

y 

A 


® 


>t 
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Economics 


23. 


24. 


Marginal cost Suppose that the dollar cost of producing x 
washing machines is c(x) = 2000 + 100x — 0.1x. 


a. Find the average cost per machine of producing the first 100 
washing machines. 


b. Find the marginal cost when 100 washing machines are 
produced. 


c. Show that the marginal cost when 100 washing machines are 
produced is approximately the cost of producing one more 
washing machine after the first 100 have been made, by cal- 
culating the latter cost directly. 


Marginal revenue Suppose that the revenue from selling x 
washing machines is 


rx) = 20,000( | - t) 


dollars. 
a. Find the marginal revenue when 100 machines are produced. 


b. Use the function r’(x) to estimate the increase in revenue that 
will result from increasing production from 100 machines a 
week to 101 machines a week. 


c. Find the limit of r’(x) as x ~ co. How would you interpret 
this number? 


Additional Applications 


25. 


26. 


a, 


28. 


Bacterium population When a bactericide was added to a 
nutrient broth in which bacteria were growing, the bacterium 
population continued to grow for a while, but then stopped grow- 
ing and began to decline. The size of the population at time ¢ 
(hours) was b = 10° + 10*t — 10%7?. Find the growth rates at 

a. t = Ohours. 

b t= 
Qa f= 


5 hours. 
10 hours. 


Body surface area A typical male’s body surface area S$ in 
square meters is often modeled by the formula S = a Vwh, 
where / is the height in cm, and w the weight in kg, of the person. 
Find the rate of change of body surface area with respect to 
weight for males of constant height h = 180 cm (roughly 5’9"). 
Does S increase more rapidly with respect to weight at lower or 
higher body weights? Explain. 

Draining a tank It takes 12 hours to drain a storage tank by 


opening the valve at the bottom. The depth y of fluid in the tank ¢ 
hours after the valve is opened is given by the formula 


+? 
y= 61-5) m. 


a. Find the rate dy/dt (m/h) at which the tank is draining at 
time f. 


b. When is the fluid level in the tank falling fastest? Slowest? 
What are the values of dy/dt at these times? 


c. Graph y and dy/dt together and discuss the behavior of y in 
relation to the signs and values of dy/dt. 


Draining a tank The number of gallons of water in a tank ¢ 
minutes after the tank has started to drain is Q(t) = 200(30 — 1). 
How fast is the water running out at the end of 10 min? What is the 
average rate at which the water flows out during the first 10 min? 
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Vehicular stopping distance Based on data from the U.S. 
Bureau of Public Roads, a model for the total stopping distance of 
a moving car in terms of its speed is 


s = Llu + 0.0547, 


where s is measured in ft and v in mph. The linear term 1.1u 


vent in the crater’s floor, which at one point shot lava 1900 ft 
straight into the air (a Hawaiian record). What was the lava’s exit 
velocity in feet per second? In miles per hour? (Hint: If vo is the 
exit velocity of a particle of lava, its height t sec later will be 
S = vot — 16? ft. Begin by finding the time at which ds/dt = 0. 
Neglect air resistance.) 


models the distance the car travels during the time the driver per- 
ceives a need to stop until the brakes are applied, and the qua- 
dratic term 0.054v* models the additional braking distance once 
they are applied. Find ds/du at v = 35 and v = 70 mph, and 
interpret the meaning of the derivative. 


Analyzing Motion Using Graphs 

Exercises 33-36 give the position function s = f(t) of an object mov- 
ing along the s-axis as a function of time ¢. Graph f together with the 
velocity function u(t) = ds/dt = f'(t) and the acceleration function 
a(t) = d’s/dt? = f"(t). Comment on the object’s behavior in relation 
to the signs and values of v and a. Include in your commentary such 
topics as the following: 


30. Inflating a balloon The volume V = (4/3)zr? of a spherical 
balloon changes with the radius. 


a. At what rate (ft?/ft) does the volume change with respect to 


a. When is the object momentarily at rest? 
the radius when r = 2 ft? 


b. When does it move to the left (down) or to the right (up)? 
b. By approximately how much does the volume increase when oactedn AeexGoitt 
the radius changes from 2 to 2.2 ft? ee Wer apes AV CRANE ane 
i ? 
31. Airplane takeoff Suppose that the distance an aircraft travels Ce Wien a“ : ii cabipame el conn 
along a runway before takeoff is given by D = (10/9)r*, where D is e. When is it moving fastest (highest speed)? Slowest? 
measured in meters from the starting point and f is measured in sec- f. When is it farthest from the axis origin? 
onds from the time the brakes are released. The aircraft will become 33. s = 200r - 16, O<1= 125 (ah eavy object fired straight 


airborne when its speed reaches 200 km/h. How long will it take to 


. : aes f : up from Earth’s surface at 200 ft/sec) 
become airborne, and what distance will it travel in that time? 


' . ; 34.8s=P-3f+2, OF1'tS5 
32. Volcanic lava fountains Although the November 1959 Kilauea ie ; ee te 
Tki eruption on the island of Hawaii began with a line of fountains Sig ake GE eh Se 
along the wall of the crater, activity was later confined to a single 36. s=4-7t+6r-Pf, OSt<4 


3.5 Derivatives of Trigonometric Functions 


Many phenomena of nature are approximately periodic (electromagnetic fields, heart rhythms, 
tides, weather). The derivatives of sines and cosines play a key role in describing periodic 
changes. This section shows how to differentiate the six basic trigonometric functions. 


Derivative of the Sine Function 


To calculate the derivative of f(x) = sin x, for x measured in radians, we combine the limits 
in Example 5a and Theorem 7 in Section 2.4 with the angle sum identity for the sine function: 


sin(x + h) = sinx cosh + cos x sinh. 
If f(x) = sin x, then 


_ f(x +h) — fe sin(x + h) — sinx 
m h = lim 


f(x) = li 


h->0 


Derivative definition 
h—0 h 


(sin x cosh + cos x sinh) — sin x 


h>0 h 
. sinx(cosh — 1) + cosxsinh 

= lim 

h0 h 
= lim gages t + lim org 

h—0 h h—0 h 
= sinx* eee als + cos x° ig = sinx:0 + cosx*1l = cosx. 

h-0 h hoo A 


Example Sa and 
limit 0 limit 1 Theorem 7, Section 2.4 


FIGURE 3.22 Thecurve y’ = —sinx 
as the graph of the slopes of the tangents to 
the curve y = cos x. 
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The derivative of the sine function is the cosine function: 


Ce _ - 
asin x) = cosx. 


EXAMPLE 1 We find derivatives of the sine function involving differences, products, 
and quotients. 
(a) y = x7 — sinx: ® _» ee ee Diff Rul 
“y Xx Xx: ax X dx XxX nirerence Kule 
= 2x — cosx 
(b) y = e*sin x: es = a (sin x) + cs (e*) sin x Product Rule 
y ; dx dx dx 
= e*cosx + e*sinx 
= e*(cosx + sin x) 
_ ie dy x+y (sinx) — sinx 1 . 
(c) yry a aa Quotient Rule 
_ xcos x — sinx 
Zz 


Derivative of the Cosine Function 


With the help of the angle sum formula for the cosine function, 


cos(x + h) = 


cos xcosh — sinx sinh, 


we can compute the limit of the difference quotient: 


d cos(x + h) — cos x 
— (cos x) = Derivative definition 
dx h—0 h 
i (cos x cos h — sin x sinh) — cos x Cosine angle sum 
= hm identi 
h0 h y 
. cosx(cosh — 1) — sinx sinh 
= lim 
h>0 h 
cosh — 1 aot sin h 
= limcos x: ———— —_ lim sin x: —— 
h->0 h ho h 
. cosh — | : . sinh 
= cos x* lim ——— — sin x: lim —— 
h—0 h ho hh 
. Example 5a and 
= cosx:0 — sinx:1 Theorem 7, Section 2.4 


= —sin x. 


The derivative of the cosine function is the negative of the sine function: 


d Se 
as (cos x) = —sin x. 


Figure 3.22 shows a way to visualize this result in the same way we did for graphing 


derivatives in Section 3.2, Figure 3.6. 
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Fa 0 Rest 


position 
Position at 


t=0 


Ss 


FIGURE 3.23 


a vertical spring and then displaced oscil- 


A weight hanging from 


lates above and below its rest position 
(Example 3). 


EXAMPLE 2 


functions. 


We find derivatives of the cosine function in combinations with other 


(a) y = 5e* + cos x: 


dy dey , ad 
= dy oe y+ dx OS x) Sum Rule 
= 5e* — sinx 
(b) y = sin xcos x: 
d 
7 = sin xf (cos x) + cos a (sin x) Product Rule 


= sinx(—sin x) + cos x(cos x) 


= 2 nz 
= COs” xX — Sin” x 


: d d : 
dy (1 — sin x) as (cos x) — cos x en (1 — sin x) . 
= Quotient Rule 


dx (1 — sin x) 
(1 — sin x)(—sin x) — cos x(O — cos x) 
7 (1 — sin x)? 
_ 1 -—sinx 3h i 
= A — sina? er x sin-x + cos*x = | 
1 
~ T= sinx - 


Simple Harmonic Motion 


The motion of an object or weight bobbing freely up and down with no resistance on the 
end of a spring is an example of simple harmonic motion. The motion is periodic and 
repeats indefinitely, so we represent it using trigonometric functions. The next example 
describes a case in which there are no opposing forces such as friction to slow the motion. 


EXAMPLE 3 A weight hanging from a spring (Figure 3.23) is stretched down 5 units 
beyond its rest position and released at time t = 0 to bob up and down. Its position at any 
later time f is 


s = 5cost. 


What are its velocity and acceleration at time fr? 


Solution We have 


Position: s = 5cost 
ae _ds_d 2 ok 
Velocity: ue a (5cos t) = —Ssint 
Bhs du _d : = 
Acceleration: a a dk (—5 sin f) Scos t¢. 


Notice how much we can learn from these equations: 


1. As time passes, the weight moves down and up between s = —5 and s = 5 on the 
s-axis. The amplitude of the motion is 5. The period of the motion is 277, the period of 
the cosine function. 


2. The velocity v = —5 sin¢ attains its greatest magnitude, 5, when cos t = 0, as the 
graphs show in Figure 3.24. Hence, the speed of the weight, v| =5 | sin f], is greatest 


—5 


FIGURE 3.24 The graphs of the position 
and velocity of the weight in Example 3. 
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when cos ¢ = 0, that is, when s = O (the rest position). The speed of the weight is 
zero when sin t = 0. This occurs when s = 5 cost = +5, at the endpoints of the 
interval of motion. 


3. The weight is acted on by the spring and by gravity. When the weight is below the rest 
position, the combined forces pull it up, and when it is above the rest position, they pull it 
down. The weight’s acceleration is always proportional to the negative of its displacement. 
This property of springs is called Hooke’s Law, and is studied further in Section 6.5. 


4. The acceleration, a = —Scos f, is zero only at the rest position, where cos t = 0 and 
the force of gravity and the force from the spring balance each other. When the weight 
is anywhere else, the two forces are unequal and acceleration is nonzero. The accel- 
eration is greatest in magnitude at the points farthest from the rest position, where 
cost = +1, a 


EXAMPLE 4 The jerk associated with the simple harmonic motion in Example 3 is 


da _ 


d,_ =e 
I= ae 5 cos t) = 5 sint. 


It has its greatest magnitude when sint = +1, not at the extremes of the displacement 
but at the rest position, where the acceleration changes direction and sign. a 
Derivatives of the Other Basic Trigonometric Functions 

Because sin x and cos x are differentiable functions of x, the related functions 


sin x cos x 


1 
ana cotx = — sec x = a and csc x = = 
COS x” sin x’ COS x” sin x 


tan x = 


are differentiable at every value of x at which they are defined. Their derivatives, calcu- 
lated from the Quotient Rule, are given by the following formulas. Notice the negative 
signs in the derivative formulas for the cofunctions. 


The derivatives of the other trigonometric functions: 


da Se a ee 
tan x) = sec* x cot x) csc x 


a (sec x) = sec x tan x © (ese x) = —csc x cot x 


To show a typical calculation, we find the derivative of the tangent function. The other 
derivations are left to Exercise 60. 


EXAMPLE 5 Find d(tan x)/dx. 


Solution We use the Derivative Quotient Rule to calculate the derivative: 


d.. wo 
COS XT (sin x) — sin Xk (cos x) 


d d { sinx 
tan x) = or SS tient Rul 
dx ( ) dx (#2 s) rea Quotient Rule 


cos x cos x — sin x(—sin x) 


cos? x 


_ cos?x + sin?x 
cos?x 
1 
= = sec? x. a 


cos?.x 
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Exercises 


Derivatives 
In Exercises 1-18, find dy/dx. 


1. y = —10x + 3cosx 2y= 
3. y = x’ cos x 4. y= 
5. y = cscx ave+ 6. y= 
7. f(x) = sinx tan x 8. g(x) 
9. y = xe*secx 10. y = 
_  cotx _ 
MN y 1+ cotx ae 
13. y= det 14. y= 


COS x tan x 


15. y = (secx + tan x)(sec x — tan x) 


16. y = x’ cosx — 2xsinx — 2 cosx 


17. f(x) = x3 sin x cos x 18. 9(x) 
In Exercises 19-22, find ds/dr. 

19. s = tant — e* 20. s = 
Si, 2 1 et 22, 5 = 


1 —csct 


EXAMPLE 6 Find y" if y = sec x. 


Solution Finding the second derivative involves a combination of trigonometric 
derivatives. 


y = secx 


y = sec x tan x Derivative rule for secant function 


d 
=|. (sec x tan x) 


= sec xf (tan x) + tan xf (sec x) Derivative Product Rule 


= sec x(sec* x) + tan x(sec x tan x) Derivative rules 


= sec? x + sec x tan? x 


The differentiability of the trigonometric functions throughout their domains gives 
another proof of their continuity at every point in their domains (Theorem 1, Section 3.2). 
So we can calculate limits of algebraic combinations and composites of trigonometric 
functions by direct substitution. 


EXAMPLE 7 We can use direct substitution in computing limits provided there is no 
division by zero, which is algebraically undefined. 


V2 + secx V2 + sec 0 V2+ 1 ee 


ee cos(7 — tanx) cos(7—tan0) cos(7—0) —1 


In Exercises 23-26, find dr/ dd. 


23. r= 4—- 6 sin 6 24. r = @sin@ + cos @ 
3 . 25. r = sec Ocsc 0 26. r = (1 + sec @)siné 
yt Ssinx 
Ailes ese tte In Exercises 27-32, find dp/dq. 
Bilin cl 27. p=5+ cot gq 28. p = (1 + csc q)cos g 
x ‘ 
sing + cos q tan g 
_ cos x 29. P= ——~cosq i aaa een 
sin? x ; iy ae a 
q sin g q + tang 
(sin x + cos x) sec x 31. p= eal 32. p= ~gsecq 
——— 33. Find y” if 
1 + sinx 
a. y = cscx. b. y = sec x. 
ee 34, Find y® = d* y/dx4 if 
a. y = —2sinx. b. y = 9cos x. 


Tangent Lines 

= (2 — x) tan?x In Exercises 35-38, graph the curves over the given intervals, together 
with their tangents at the given values of x. Label each curve and tan- 
gent with its equation. 


? — sect + Se! 35. y=sinx, —37/2 <x < 27 
sin ¢ x = —7,0, 37/2 
1 — cost 


36. 


37. 


38. 


y=tanx, —7/2<x< 7/2 

x = —7/3,0, 7/3 

y=secx, —7/2<x< 7/2 

x = —17/3, 7/4 

y=1+cosx, —37/2 x5 27 
x 


( = 17/3, 37/2 


Do the graphs of the functions in Exercises 39-42 have any horizontal 
tangents in the interval 0 = x = 27? If so, where? If not, why not? 
Visualize your findings by graphing the functions with a grapher. 


39. 
40. 
41. 
42. 
43. 


44. 


y=xt sinx 
y = 2x + sinx 
y=x-—cotx 
y=xt2cosx 


Find all points on the curve y = tan x, —7/2 < x < 7/2, where 
the tangent line is parallel to the line y = 2x. Sketch the curve 
and tangent(s) together, labeling each with its equation. 


Find all points on the curve y = cotx,0 < x < 7, where the 
tangent line is parallel to the line y = —x. Sketch the curve and 
tangent(s) together, labeling each with its equation. 


In Exercises 45 and 46, find an equation for (a) the tangent to the 
curve at P and (b) the horizontal tangent to the curve at Q. 


45. 46. 
y y 
A 
2 
! TT 
+ \e3 
0 


y=4+cotx — 2cscx 


| 
1 2 3 


aIgbh 


y=1 + \/2 csc x + cot x 


Trigonometric Limits 
Find the limits in Exercises 47-54. 


47. 


48. 


49. 


51. 


52. 


53. 


lim V1 + cos(7 csc x) 
x —17/6 
: 1 
sin@ — 5 = 
lim a 50. lim _—- 
p>7/6 O- © 6-7/4 O- | 


é : T 
lim sel e« + a tan ( ) 1 
x0 4sec x 


. ‘ 7 + tanx 
lim sin | —— 
x0 tanx — 2secx 


limtan{ 1 — = 54. lim cos ui 
10 t 60 sin 0 
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Theory and Examples 

The equations in Exercises 55 and 56 give the position s = f(f) of a 
body moving on a coordinate line (s in meters, ¢ in seconds). Find the 
body’s velocity, speed, acceleration, and jerk at time t = 7/4sec. 


55. s=2-—2sint 56. s = sint + cost 
57. Is there a value of c that will make 
sin? 3x 
fe=4 ¥ 
CG, x=0 
continuous at x = 0? Give reasons for your answer. 
58. Is there a value of b that will make 
xt+b, x<0 
g(x) = 


cosx, x =O 
continuous at x = 0? Differentiable at x = 0? Give reasons for 


your answers. 


59. By computing the first few derivatives and looking for a pattern, 
find d??/dx°® (cos x). 


60. Derive the formula for the derivative with respect to x of 
a. sec x. b. csc x. c. cot x. 

61. A weight is attached to a spring and reaches its equilibrium posi- 
tion (x = 0). It is then set in motion resulting in a displacement of 


x = 10cost, 


where x is measured in centimeters and ¢ is measured in seconds. 
See the accompanying figure. 


Equilibrium 
--+0 _ position 
atx = 0 


r LO 


v 
x 


a. Find the spring’s displacement when t = 0, t = 7/3, and 


t= 3/4. 
b. Find the spring’s velocity when ¢ = 0, tf = 7/3, and 
t= 3/4. 


62. Assume that a particle’s position on the x-axis is given by 
x = 3cost+ 4sinf, 


where x is measured in feet and ¢ is measured in seconds. 
a. Find the particle’s position when t = 0, t = 7/2, and 
| as 1A 


b. Find the particle’s velocity when t = 0, t = 7/2, and 
t=. 
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63. 


64. 


65. 
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Graph y = cos x for —7 = x = 27. On the same screen, graph 


_ sin(x + h) — sinx 
h 


for h = 1,0.5,0.3, and 0.1. Then, in a new window, try 
h = —1,—0.5, and —0.3. What happens as h > 0°? Ash 0°? 
What phenomenon is being illustrated here? 


Graph y = —sin x for—7 = x = 27. On the same screen, graph 


_ cos(x + h) — cosx 
h 


for h = 1,0.5,0.3, and 0.1. Then, in a new window, try 
h = —1,—0.5, and —0.3. What happens as h > 0*? As h— 0°? 
What phenomenon is being illustrated here? 


Centered difference quotients 


f@ + bh) = f@.—h) 
2h 


The centered difference quotient 


is used to approximate f'(x) in numerical work because (1) its 
limit as h +0 equals f'(x) when f'(x) exists, and (2) it usually 
gives a better approximation of f’(x) for a given value of / than 
the difference quotient 


fa +h) — f@) 
ee 


See the accompanying figure. 


Slope = f'(x) 
SI _ fx th) — fe 
2 ie ae 
c B 
A 
| _ fe th) —fa-h) 
| Slope Th 
y =f) | 
} 
| h h Be 
0 x—h ¥ xth 


a. To see how rapidly the centered difference quotient for 
f(x) = sin x converges to f’(x) = cos x, graph y = cos x 
together with 


sin(x + h) — sin(x — h) 
~ 2h 


over the interval [—7, 27] for h = 1, 0.5, and 0.3. Com- 
pare the results with those obtained in Exercise 63 for the 
same values of h. 


b. To see how rapidly the centered difference quotient for 
f(x) = cos x converges to f’(x) = —sin x, graph y = —sin x 
together with 
_ cos(x + h) — cos(x — A) 
2h 


over the interval [—7, 27] for h = 1, 0.5, and 0.3. Compare 
the results with those obtained in Exercise 64 for the same 
values of h. 


66. 


67. 


68. 


69. 


70. 


A caution about centered difference quotients 
of Exercise 65.) The quotient 


f(x + h) — f(x — A) 
2h 


(Continuation 


may have a limit as h > 0 when f has no derivative at x. As a 
case in point, take f(x) = |x| and calculate 


; |O + hl = |0 — hl 
lim ——.—__. 


h—>0 2h 


As you will see, the limit exists even though f(x) = |x| has no 
derivative at x = 0. Moral: Before using a centered difference 
quotient, be sure the derivative exists. 


Slopes on the graph of the tangent function Graph y = tan x 
and its derivative together on (—7/2, 77/2). Does the graph of the 
tangent function appear to have a smallest slope? A largest slope? 
Is the slope ever negative? Give reasons for your answers. 


Slopes on the graph of the cotangent function Graph y = cot x 
and its derivative together for 0 < x < 7. Does the graph of the 
cotangent function appear to have a smallest slope? A largest 
slope? Is the slope ever positive? Give reasons for your answers. 
Exploring (sin kx)/x Graph y = (sin x)/x, y = (sin 2x)/x, and 
y = (sin 4x)/x together over the interval -2 < x = 2. Where 
does each graph appear to cross the y-axis? Do the graphs really 
intersect the axis? What would you expect the graphs of 
y = (sin 5x)/x and y = (sin(—3x))/x to do as x +0? Why? 
What about the graph of y = (sin kx)/x for other values of k? 
Give reasons for your answers. 


Radians versus degrees: degree mode derivatives What hap- 
pens to the derivatives of sin x and cos x if x is measured in 
degrees instead of radians? To find out, take the following steps. 


a. With your graphing calculator or computer grapher in degree 
mode, graph 


sinh 


f= 


and estimate lim,_.9 f(2). Compare your estimate with 
7/180. Is there any reason to believe the limit should be 
a / 180? 


b. With your grapher still in degree mode, estimate 


lim C25 h-1 
h—0 h 


c. Now go back to the derivation of the formula for the deriva- 
tive of sin x in the text and carry out the steps of the deriva- 
tion using degree-mode limits. What formula do you obtain 
for the derivative? 


d. Work through the derivation of the formula for the derivative 
of cos x using degree-mode limits. What formula do you 
obtain for the derivative? 


e. The disadvantages of the degree-mode formulas become 
apparent as you start taking derivatives of higher order. Try 
it. What are the second and third degree-mode derivatives of 
sin x and cos x? 


3.6 The Chain Rule 


: 

C:yturns B:wturns A: x turns 
FIGURE 3.25 When gear A makes 
x turns, gear B makes u turns and gear 
C makes y turns. By comparing cir- 
cumferences or counting teeth, we see 


that y = u/2 (C turns one-half turn 
for each B turn) and u = 3x (B turns 


three times for A’s one), so y = 3x/2. 


Thus, dy/dx = 3/2 = (1/2)(3) = 
(dy /du)(du/ dx). 
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How do we differentiate F(x) = sin(x* — 4)? This function is the composite f ° g of two 
functions y = f(u) = sinu and u = g(x) = x? — 4 that we know how to differentiate. 
The answer, given by the Chain Rule, says that the derivative is the product of the deriva- 
tives of f and g. We develop the rule in this section. 


Derivative of a Composite Function 


The function y = 3 = +(3x) is the composite of the functions y = ou and u = 3x. 
We have 


B38 1 and a 3 
dx 2’ du 2” dx , 
: eae be eee 
Since 5 3, we see in this case that 
dy _ dy du 
dx du ax’ 


If we think of the derivative as a rate of change, our intuition allows us to see that this rela- 
tionship is reasonable. If y = f(u) changes half as fast as u and u = g(x) changes three 
times as fast as x, then we expect y to change 3/2 times as fast as x. This effect is much 
like that of a multiple gear train (Figure 3.25). Let’s look at another example. 


EXAMPLE 1 The function 
y = (3x? + 1)? 


is the composite of y = f(u) = w and u = g(x) = 3x? + 1. Calculating derivatives, we 
see that 


dy du _ 
du dx = 2u- 6x 
= 2(3x? + 1)- 6x Substitute for u 
= 36x7 + 12x. 
Calculating the derivative from the expanded formula (3x? + 1)? = 9x+ + 6x? + 1 gives 
the same result: 


dy _ dod 62 
Fad ox + 6x- + 1) 
= 36x? + 12x. | 


The derivative of the composite function f(g(x)) at x is the derivative of f at g(x) 
times the derivative of g at x. This is known as the Chain Rule (Figure 3.26). 


Composite f° g 


Rate of change at 


x is f'(g(x)) + g'@). 
f 


Rate of change Rate of change 


tris @'C), tg@isf'(g@). — ——*—— 
: RHEE) ae BORNEO) Tr fee 


FIGURE 3.26 Rates of change multiply: The derivative of f ° g at x is the 
derivative of f at g(x) times the derivative of g at x. 
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THEOREM 2—The Chain Rule If f(u) is differentiable at the point u = g(x) 
and g(x) is differentiable at x, then the composite function (f ° g)(x) = f(g(x)) is 
differentiable at x, and 


(f © g)'() = f'(e@))* 9’@). 
In Leibniz’s notation, if y = f(u) and u = g(x), then 
dy _ 4 du 
dx du dx’ 


where dy/du is evaluated at u = g(x). 


A Proof of One Case of the Chain Rule: 
Let Au be the change in u when x changes by Ax, so that 
Au = g(x + Ax) — g(x). 
Then the corresponding change in y is 
Ay = fu + Au) — fw). 
If Au # 0, we can write the fraction Ay/Avx as the product 


Ay = Ay Au (1) 
Ax Au Ax 
and take the limit as Ax — 0: 
dy i Ay 
dx ar>o Ax 
= je 
Ax>oAu Ax 
= tim 2. jim 44 
Axo Au Axo Ax 
_ Ay . Au (Note that Au 0 as Ax > 0 
~ Jim, Au i‘ fim, Ax since g is continuous.) 
_ FY du 
du dx’ 


The problem with this argument is that if the function g(x) oscillates rapidly near x, then 
Au can be zero even when Ax # 0, so the cancelation of Au in Equation (1) would be 
invalid. A complete proof requires a different approach that avoids this problem, and we 
give one such proof in Section 3.11. a 


EXAMPLE 2 An object moves along the x-axis so that its position at any time t = 0 
is given by x(t) = cos(t? + 1). Find the velocity of the object as a function of f. 


Solution We know that the velocity is dx/dt. In this instance, x is a composite function: 
x = cos(u) and u = ?? + 1. We have 


= —sin(u) x = cos(u) 


— = 2t. u=Prt+1 


Ways to Write the Chain Rule 


(f° 8)'@) = f'(e@)-8’@ 


dy _ dy 
dx du dx 
dy 


Fe ~ F (8@)):8'@ 


“fw = wt 


By the Chain Rule, 


dx _ dx du 
dt du dt 
= —sin(u)° 2t sa evaluated at u 


du 


—sin(t? + 1)-2t 
—2tsin(?? + 1). 


“Outside-Inside” Rule 


A difficulty with the Leibniz notation is that it doesn’t state specifically where the deriva- 
tives in the Chain Rule are supposed to be evaluated. So it sometimes helps to think about 
the Chain Rule using functional notation. If y = f(g(x)), then 


dy. ; 
Ti f'(g(x))* g'(x). 


In words, differentiate the “outside” function f and evaluate it at the “inside” function g(x) 
left alone; then multiply by the derivative of the “inside function.” 


EXAMPLE 3 Differentiate sin(x? + e*) with respect to x. 


Solution We apply the Chain Rule directly and find 


@ ate + e*) = cos(x? + e*)+ (2x + &). 
aa ae 


dx 
inside inside derivative of 
left alone the inside 


EXAMPLE 4 Differentiate y = e°°*. 
Solution Here the inside function is u = g(x) = cos x and the outside function is the 
exponential function f(x) = e*. Applying the Chain Rule, we get 


dy_d 
dx dx 


(e0S*) = gous h (cos x) = e°*(—sin x) = —e°S* sin x. a 


Generalizing Example 4, we see that the Chain Rule gives the formula 


For example, 


é (e) = e&- 4. (kx) = ke®, for any constant k 


and 


d 
dx 


(e") =e: é (x*) = 2xe". 


Repeated Use of the Chain Rule 


We sometimes have to use the Chain Rule two or more times to find a derivative. 


EXAMPLE 5 Find the derivative of g(f) = tan(5 — sin 2f). 


Solution Notice here that the tangent is a function of 5 — sin 2¢, whereas the sine is a 
function of 2t, which is itself a function of t. Therefore, by the Chain Rule, 


s@= “ tan (5 — sin 2r)) 


- . d . Derivative of tan u with 
= sec“(5 — sin 2f) a — sin 21) nS =. sad 


Derivative of 5 — sinu 


= sec?(5 — sin 2A)° (0 — cos 2r- 40) Ata OP 


= sec?(5 — sin 2f) * (—cos 24) +2 
= —2(cos 2f)sec?(5 — sin 22). 


The Chain Rule with Powers of a Function 


If f is a differentiable function of u and if u is a differentiable function of x, then substitut- 
ing y = f(u) into the Chain Rule formula 


dy _ dy du 
dx du dx 


leads to the formula 


d ,,.du 
tw ~~ f (u) dx’ 
If 7 is any real number and f is a power function, f(u) = u", the Power Rule tells us 


that f’(u) = nu’—!. If wis a differentiable function of x, then we can use the Chain Rule to 
extend this to the Power Chain Rule: 


oat 


_,du 
ig ae Lut) = nu 


d in 
dx lt) = mu 


EXAMPLE 6 The Power Chain Rule simplifies computing the derivative of a power 
of an expression. 


d d Power Chain Rule with 
(a) 7 (5x? — x4)? = 1(5x? — x4) 9s (Sx? — x4) u = 5x3 —x4n=7 


= 7(5x3 — x*)®(5+3x2 — 4x3) 
7(5x? — x*)®(15x7 — 4x3) 


d 1 il 2 
(b) ee ye. eX 2)! 


= d Power Chain Rule with 
= “16x 2) dx (3x 2) C= oh] 2 r= S1 
= -1Gx - 27°) 
Lee = 
(3x — 2)? 


In part (b) we could also find the derivative with the Derivative Quotient Rule. 


d ; : ad. Power Chain Rule with u = sin x,n = 5, 
(c) ik (sin? x) = Ssin*x+-—sin x 


dx because sin” x means (sin x)",n # —1. 


= 5sin*xcosx 


Derivative of the 
Absolute Value Function 
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ad Vaxu1\ _ .v3xa1, a 
ae aay =¢ re ae 1) 

Sever Sx oP 1) 1/23 Power Chain Rule with u = 3x + 1,n = 1/2 
= 3 eV 3xt1 aa 


— -On/3x +1 


EXAMPLE 7 In Section 3.2, we saw that the absolute value function y = |x| is not 
differentiable at x = 0. However, the function is differentiable at all other real numbers, 
as we now show. Since |x] = Vx", we can derive the following formula: 


1 d . Power Chain Rule with 
Vg ae? u=x’,n=1/2,x #0 
= 5a 2x V2 = |p] 
Xx 
=2, x#0. = 
|x 


EXAMPLE 8 Show that the slope of every line tangent to the curve y = 1/(1 — 2x)? 
is positive. 


Solution We find the derivative: 
dy _ 


a _ Gd 4 _ ay3 
dx a an) 


=—-—3(1 2x) 4 : é el 2x) Power Chain Rule with u = (1 — 2x),n = —3 


—3(1 — 2x)4+(—2) 
6 
(1 — 2x)" 


At any point (x, y) on the curve, the coordinate x is not 1/2 and the slope of the tangent 
line is 


a. 
dx (1 — 2x)” 
which is the quotient of two positive numbers. a 


EXAMPLE 9 The formulas for the derivatives of both sin x and cos x were obtained 
under the assumption that x is measured in radians, not degrees. The Chain Rule gives us 
new insight into the difference between the two. Since 180° = 7 radians, x° = 7x/180 
radians where x° is the size of the angle measured in degrees. 

By the Chain Rule, 


d. (x°) = d . [{ mx _ 7 Tx \_ 7 (x°) 
de ae \ 180). 180° \ 180) 180°" * 
See Figure 3.27. Similarly, the derivative of cos (x°) is —(a/180) sin (4°). 


The factor 77/180 would compound with repeated differentiation, showing an advan- 
tage for the use of radian measure in computations. a 
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it 


a 
—— 


dati 


y = sin(x°) = sin — 


Ah 


180 


nl 


vv 


l 
y=sinx 


Niue 
/ 


aT 


FIGURE 3.27 The function sin(x°) oscillates only 77/180 times as often as sin x 
oscillates. Its maximum slope is 77/180 at x = 0 (Example 9). 


Exercises 


Derivative Calculations 


In Exercises 1-8, given y = f(u) and u = g(x), find dy/dx = 
f'(g@))g'@). 

1 y=6u-9, u=(1/2)x* 2 y= 20, u=8x-1 

3. y=sinu, u=3x+1 4. y=cosu, u=e* 

5. y= Vu, u = sinx 6. y=sinu, u=x— cosx 
7 y=tanu, u= 7x 8. y = —sec u, u=+4 2 


In Exercises 9-22, write the function in the form y = f(u) and 
u = g(x). Then find dy/dx as a function of x. 


9, y = (2x + 1p 10. y = (4 — 3x)? 


7 Vx -10 
- = a (pace 
ll. y= (1 *) 12. y ( 5) 1) 


x? 1\* 
13. y= gtr x 14, y = V3x? — 4x + 6 
1 
15. y = sec(tan x) 16. y = cot (= = t) 
17. y = tan’x 18. y = 5cos*x 
19. y=e™ 20. y = 3 
21. y=e™ 22. y = el4vzte’) 
Find the derivatives of the functions in Exercises 23-50. 
23. p= V3-t 24. q = W2r- 
_4. 4 , STB 3at 
25. s= 3_ sin st + 5 008 5 26. s sin( 5) ) t cos( ,) ) 


27. r = (csc @ + cot@)! 28. r = 6(sec 9 — tan 0)*/? 


x? sint x + x cos? 


ll 


i re x 
x 30. y = ysin ox — 3 cos?x 


29. y 
= 1 6 4 1 = 
31. y = 7gGr — 264 (4 +) 
— 3). <i 1/2 i \ 
32. y= (5-2) + o(Ft1 


34, y = (2x — 5) '(x? — 5x)® 
36. y= (1 + 2xJe* 
38. y = (9x2 — 6x + 2)e" 


ll 


33. y = (4x + 34 + DY 
35. y=xe*+ & 
37. y = (x? — 2x + 2)e5*/? 


ll 


39. h(x) = x tan (2Vx) +7 


41. f(x) = V7 + xsecx 


: 2 
10 = (a) 


45. r = sin(67)cos (26) 


47 a= sin( : ) 
; Vit 


cos (e*) 


rN 

2 

< 
ll 


40. k(x) = x* sec (2) 


é i 
44. g(t) = Gary ; st) 


46. r = secV6tan (5) 


In Exercises 51-70, find dy/dt. 


51. y = sin’? (at — 2) 
53. y = (1 + cos2r)* 
55. y = (ttanp)!? 


57 y= ecos (at 1) 


ll 


59 v_\ 

y= (sea) 

61. y = sin(cos(2t — 5)) 
3 

63. y= (1 + tan* (5) 

65. y = V1 + cos(1?) 

67. y = tan? (sin? r) 

69. y = 3t(2r — 5)4 


Second Derivatives 
Find y" in Exercises 71-78. 


1\3 
71. ao (1 Se :) 
1 
73. y= g cot3x — 1) 


75. y= x(2x + 1)4 
77. y= e + 5x 


| 


48. g = o( 24) 

50. y = 0e cos 50 
52. y = sec* at 

54. y = (1 + cot(t/2)y? 
56. y = (69/4 sin 43 
58. y= (esine/2))3 


_ (3t-—4)° 
. y= (#=4) 


62. y = cos (s sin (5)) 


64. y = al + cos? (71) )3 
66. y = 4sin(V1 + v7) 


68. y = cos*(sec?3r) 


70. y = V3¢4 24 


Vil==t 


72. y= (1— vx) 


74. y = 9 tan (5) 


76. y = x(x - 1) 
78. y = sin(xe*) 


Finding Derivative Values 
In Exercises 79-84, find the value of (f ° g)’ at the given value of x. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 
90. 


fu =wt+il, u=eax%)= vx, x= 1 


1 _ 
i-xw 2% 1 


fu =1-+, w= = 


TU 


f(u) = cot 10° #= a(x) = 5Vx, x= 1 


fw = u4 ae u= g(x) = 7x, x= 1/4 


flu) = 5 B= B= IGP 4x41, x= 0 


fewest ; _ _ i _ 
fw) (: a +) » &= gx) 2 1, x 1 
Assume that f'(3) = —1, 9'(2) = 5, g(2) = 3, and y = f(g()). 
What is y’ at x = 2? 


If r = sin(f(t), f(O) = 7/3, and f’(0) = 4, then what is dr/dt 
at t = 0? 


Suppose that functions f and g and their derivatives with respect 
to x have the following values at x = 2 and x = 3. 


x fx) gx) f'@ — 8’) 


2 8 2 1/3 3 
3 3 -4 Qa 5 


Find the derivatives with respect to x of the following combina- 
tions at the given value of x. 


a. 2f(x), x =2 b. f@) + g@), x =3 
ce f(x): ga), x =3 d. f(x)/g@x), x =2 
e. f(g(x)), x =2 f. Vf, x=2 


g. 1/2), x = 3 h. Vf?) + g(x), x = 2 
Suppose that the functions f and g and their derivatives with 
respect to x have the following values at x = 0 and x = 1. 


x f(x) g(x) f' (x) g'(x) 


0 1 1 5 1/3 
1 3 4 1/3 8/3 


Find the derivatives with respect to x of the following combina- 
tions at the given value of x. 


a. Sf(x) — g(x), x= 1 b. f(x)g7(x), x=0 


f(x) _ _ 
Cc. ex) + 1 x= 1 d. f(g(x)), x=0 
e. g(f(x)), x =0 f. (xt! + f@~))?, x = 1 


g. f(x + gx), x =0 
Find ds/dt when 6 = 37/2 if s = cos@ and d0/dt = 5. 
Find dy/dt when x = 1 if y = x? + 7x — 5 and dx/dt = 1/3. 


3.6 The Chain Rule 169 


Theory and Examples 

What happens if you can write a function as a composite in different 
ways? Do you get the same derivative each time? The Chain Rule 
says you should. Try it with the functions in Exercises 91 and 92. 


91. Find dy/dx if y = x by using the Chain Rule with y as a comps- 
ite of 


a. y= (u/5)+7 and u = 5x — 35 
b. y=1+(/u) and u=1/- 1). 


92. Find dy/dx if y = x°/? by using the Chain Rule with y as a com- 
posite of 
a y=w and u= Vx 
b. y= Vu and u=x. 
93. Find the tangent to y = ((x — 1)/(x + I)’ atx = 0. 


94. Find the tangent to y = Vx? — x + 7 atx = 2. 


95. a. Find the tangent to the curve y = 2 tan(ax/4) atx = 1. 


b. Slopes on a tangent curve What is the smallest value the 
slope of the curve can ever have on the interval 
—2 <x < 2? Give reasons for your answer. 


96. Slopes on sine curves 


a. Find equations for the tangents to the curves y = sin 2x and 
y = —sin(x/2) at the origin. Is there anything special about 
how the tangents are related? Give reasons for your answer. 

b. Can anything be said about the tangents to the curves 
y = sin mx and y = —sin(x/m) at the origin 
(m aconstant ~ 0)? Give reasons for your answer. 

c. Fora given m, what are the largest values the slopes of the 
curves y = sin mx and y = —sin(x/m) can ever have? Give 
reasons for your answer. 


d. The function y = sin x completes one period on the interval 
[0, 27], the function y = sin 2x completes two periods, the 
function y = sin(x/2) completes half a period, and so on. Is 
there any relation between the number of periods y = sin mx 
completes on [ 0, 27 | and the slope of the curve y = sin mx 
at the origin? Give reasons for your answer. 


97. Running machinery too fast Suppose that a piston is moving 
straight up and down and that its position at time f sec is 


s = Acos(27bt), 


with A and b positive. The value of A is the amplitude of the 
motion, and b is the frequency (number of times the piston moves 
up and down each second). What effect does doubling the fre- 
quency have on the piston’s velocity, acceleration, and jerk? 
(Once you find out, you will know why some machinery breaks 
when you run it too fast.) 


98. Temperatures in Fairbanks, Alaska The graph in the accom- 
panying figure shows the average Fahrenheit temperature in 
Fairbanks, Alaska, during a typical 365-day year. The equation 
that approximates the temperature on day x is 


_ __ | 2a ‘ 
y s7sin] 2% 101) + 25 


and is graphed in the accompanying figure. 
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99. 


100. 


101. 


102. 


103. 


104. 
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a. On what day is the temperature increasing the fastest? 


b. About how many degrees per day is the temperature increas- 
ing when it is increasing at its fastest? 


D 
oO 


& 
Oo 


Temperature (°F) 
NO 
S 


oO 


bea a dh a | ty 


20! t 
ee e& we es Pk s wrk oe RS SY ys oF ws 


Particle motion The position of a particle moving along a 
coordinate line is s = V1 + 4t, with s in meters and f in sec- 
onds. Find the particle’s velocity and acceleration at t = 6 sec. 


Constant acceleration Suppose that the velocity of a falling 
body is v = kVs m/sec (k a constant) at the instant the body 
has fallen s m from its starting point. Show that the body’s 
acceleration is constant. 


Falling meteorite The velocity of a heavy meteorite entering 
Earth’s atmosphere is inversely proportional to V/s when it is 
s km from Earth’s center. Show that the meteorite’s acceleration 
is inversely proportional to s?. 


Particle acceleration A particle moves along the x-axis with 
velocity dx/dt = f(x). Show that the particle’s acceleration is 
fOOF'Od. 

Temperature and the period of a pendulum For oscillations 
of small amplitude (short swings), we may safely model the rela- 
tionship between the period T and the length L of a simple pen- 
dulum with the equation 


T= om fi 


where g is the constant acceleration of gravity at the pendulum’s 
location. If we measure g in centimeters per second squared, we 
measure L in centimeters and T in seconds. If the pendulum is 
made of metal, its length will vary with temperature, either 
increasing or decreasing at a rate that is roughly proportional to 
L. In symbols, with u being temperature and k the proportional- 
ity constant, 


dL _ 


aa 


kL. 


Assuming this to be the case, show that the rate at which the 
period changes with respect to temperature is kT/2. 
Chain Rule Suppose that f(x) = x? and g(x) = |x|. Then the 
composites 


(feogyx) = |x/? = 2? and (ge f)(x) = |x?| 


are both differentiable at x = 0 even though g itself is not dif- 
ferentiable at x = 0. Does this contradict the Chain Rule? 
Explain. 


105. 


106. 


The derivative of sin 2x Graph the function y = 2cos2x for 
—2 = x = 3.5. Then, on the same screen, graph 
_ sin 2(x + h) — sin 2x 
h 


for h = 1.0,0.5, and 0.2. Experiment with other values of h, 
including negative values. What do you see happening as 
h— 0? Explain this behavior. 

The derivative of cos(x”) Graph y = —2x sin(x’) for —-2 = 
x = 3. Then, on the same screen, graph 


cos((x + h)?) — cos (x?) 
a h 


for h = 1.0, 0.7, and 0.3. Experiment with other values of h. 
What do you see happening as  — 0? Explain this behavior. 


Using the Chain Rule, show that the Power Rule (d/dx)x"” = nx"! 
holds for the functions x” in Exercises 107 and 108. 


107. 


x4 = Vx 108. x3°/4 = Vxvx 


COMPUTER EXPLORATIONS 
Trigonometric Polynomials 


109. 


110. 


As the accompanying figure shows, the trigonometric “polyno- 
mial” 


s = f(t) = 0.78540 — 0.63662 cos 2t — 0.07074 cos 6t 
— 0.02546 cos 10t — 0.01299 cos 14t 


gives a good approximation of the sawtooth function s = g(f) 
on the interval [—7, 7]. How well does the derivative of f 
approximate the derivative of g at the points where dg/dt is 
defined? To find out, carry out the following steps. 


a. Graph dg/dt (where defined) over [—7, 7]. 

b. Find df /dt. 

c. Graph df/dt. Where does the approximation of dg/dt by 
df /dt seem to be best? Least good? Approximations by trig- 
onometric polynomials are important in the theories of heat 


and oscillation, but we must not expect too much of them, as 
we see in the next exercise. 


s= g(t) 
Js = f(t) 
ee 


>t 


(Continuation of Exercise 109.) In Exercise 109, the trigonomet- 
ric polynomial f(t) that approximated the sawtooth function g(t) 
on [—7, 7] had a derivative that approximated the derivative 
of the sawtooth function. It is possible, however, for a trigono- 
metric polynomial to approximate a function in a reasonable 
way without its derivative approximating the function’s deriva- 
tive at all well. As a case in point, the trigonometric “polynomial” 


s = A(t) = 1.2732 sin 2t + 0.4244 sin 6t + 0.25465 sin 10t 
+ 0.18189 sin 14¢ + 0.14147 sin 18r 
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graphed in the accompanying figure approximates the step func- a. Graph dk/dt (where defined) over [—7, 77}. 
tion s = k(t) shown there. Yet the derivative of h is nothing like b. Find dh/dt 


the derivative of k. 


>a 


c. Graph dh/dt to see how badly the graph fits the graph of 


s = k(t) dk/dt. Comment on what you see. 


s = h(t) 


>t 


3: i Implicit Differentiation 


x3 +y3 — 9xy =0 


(xq. 93) Y = AO) 


FIGURE 3.28 The curve 

x* + y? — Oxy = 0 is not the graph of any 
one function of x. The curve can, however, be 
divided into separate arcs that are the graphs 
of functions of x. This particular curve, called 
a folium, dates to Descartes in 1638. 


Most of the functions we have dealt with so far have been described by an equation of the 
form y = f(x) that expresses y explicitly in terms of the variable x. We have learned rules 
for differentiating functions defined in this way. Another situation occurs when we encoun- 
ter equations like 


+ y? — Oxy = 0, y—x=0, or vr? +y?—-25=0., 


(See Figures 3.28, 3.29, and 3.30.) These equations define an implicit relation between the 
variables x and y. In some cases we may be able to solve such an equation for y as an 
explicit function (or even several functions) of x. When we cannot put an equation 
F(x, y) = 0 in the form y = f(x) to differentiate it in the usual way, we may still be able 
to find dy/dx by implicit differentiation. This section describes the technique. 


Implicitly Defined Functions 


We begin with examples involving familiar equations that we can solve for y as a function of 
x to calculate dy /dx in the usual way. Then we differentiate the equations implicitly, and find 
the derivative to compare the two methods. Following the examples, we summarize the steps 
involved in the new method. In the examples and exercises, it is always assumed that the 
given equation determines y implicitly as a differentiable function of x so that dy/dx exists. 


EXAMPLE 1 Find dy/dx if y? = x. 


Solution The equation y* = x defines two differentiable functions of x that we can actu- 
ally find, namely y, = Vx and y= —Vx (Figure 3.29). We know how to calculate the 
derivative of each of these for x > 0: 

dy, _ ol dy, a 1 

— SS and ss =-> eH. 

dx 2Vx dx IVE 
But suppose that we knew only that the equation y* = x defined y as one or more differen- 
tiable functions of x for x > 0 without knowing exactly what these functions were. Could 
we still find dy/dx? 


The answer is yes. To find dy/dx, we simply differentiate both sides of the equation 
a 


y x with respect to x, treating y = f(x) as a differentiable function of x: 
y =x The Chain Rule gives £12) = 
dy d dy 
2a = I Ali]? = 2f@F'@ = 2yz.. 
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y, = V25 — x2 
yy = Vx 

0 >xX = F >x 
yy = —Vx 

Slope = 1 = -1 es 
ope = a” nk / 
7 ig yy = —V25 — x? Slope = -% = 3 
FIGURE 3.29 The equation y? — x = 0, , 
or y? = x as it is usually written, defines two FIGURE 3.30 The circle combines the 


differentiable functions of x on the interval graphs of two functions. The graph of y, 


x > 0. Example | shows how to find the is the lower semicircle and passes through 
derivatives of these functions without solving (3, 4). 


the equation y* = x for y. 


This one formula gives the derivatives we calculated for both explicit solutions y, = Wx 
and y, = —Vx: 
dy, 1 1 dyz_ 1 1 1 


= d === 7 ; 
dx 2, 2Vx de Dy (vz) VE . 


EXAMPLE 2 Find the slope of the circle x? + y* = 25 at the point (3, —4). 


Solution The circle is not the graph of a single function of x. Rather, it is the combined 
graphs of two differentiable functions, y, = V25 — x? and y) = —V25 — x? (Figure 
3.30). The point (3, —4) lies on the graph of y,, so we can find the slope by calculating the 
derivative directly, using the Power Chain Rule: 


5 ges) 
G\,-3  2V25 —xle-3 = 225-9 4 —3 (25 = x32) 


We can solve this problem more easily by differentiating the given equation of the 
circle implicitly with respect to x: 


d 
dy, =2% —6 


di d d 
a? + ae? = 2) 
ax + 2 =0 
X y ie See Example 1. 
yy 
dx y° 
bn ak oe 3S 
The slope at (3, —4) is y — “A we 
Notice that unlike the slope formula for dy,/dx, which applies only to points below 
the x-axis, the formula dy/dx = —x/y applies everywhere the circle has a slope; that is, at 
all circle points (x, y) where y ~ 0. Notice also that the derivative involves both variables 
x and y, not just the independent variable x. a 


To calculate the derivatives of other implicitly defined functions, we proceed as in 
Examples | and 2: We treat y as a differentiable implicit function of x and apply the usual 
rules to differentiate both sides of the defining equation. 


yr =x? 4+ sin xy 


FIGURE 3.31 The graph of the equation 


in Example 3. 
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Implicit Differentiation 


1. Differentiate both sides of the equation with respect to x, treating y as a dif- 
ferentiable function of x. 


2. Collect the terms with dy/dx on one side of the equation and solve for dy/dx. 


EXAMPLE 3 Find dy/dx if y? = x? + sinxy (Figure 3.31). 


Solution We differentiate the equation implicitly. 


y? = x? + sinxy 


d d a }-2 Differentiate both sides with 
a *) = ae) + ay (si. ay) respect tox... 
dy d ... treating y as a function of 
2yx = 2x + (cos xy) dx (xy) x and using the Chain Rule. 
d dy 
ay = 2x + (cos xy) (> =F 2) Treat xy as a product. 
d d 
2 i (cos xy) pee = 2x + (cos xy) Collect terms with dy/dx. 
Yox WN Xe y)y 


dy 
(2y — x cos XY) Te = 2x + ycos xy 


dy _ 2x + ycos xy 


Solve for dy/dx. 
dx 2y— xcosxy iiiitilic ia 


Notice that the formula for dy/dx applies everywhere that the implicitly defined curve has 
a slope. Notice again that the derivative involves both variables x and y, not just the inde- 
pendent variable x. a 


Derivatives of Higher Order 


Implicit differentiation can also be used to find higher derivatives. 


EXAMPLE 4 Find d2y/dx? if 2x3 — 3y? = 8. 


Solution To start, we differentiate both sides of the equation with respect to x in order to 
find y’ = dy/dkx. 


d 
3 2 ee 
5 28 — 3) =F) 
6x7 — 6yy’ =0 Treat y as a function of x. 
x2 
y= y when y 0 Solve for y’. 


We now apply the Quotient Rule to find y”. 


” d x? 2xy _ xy! 2x x? , 
y= = = “y 
dx\Y ¥ y x 


Finally, we substitute y’ = x?/y to express y” in terms of x and y. 


2/2 4 
y= 2x _ x (=) = 2 ~, when y ~ 0 |_| 
y; 
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Tangent 


Light ray 


Curve of lens 


, surface 
Normal line 


Point of entry 


FIGURE 3.32 The profile of a lens, 
showing the bending (refraction) of a 
ray of light as it passes through the lens 
surface. 


+ y3— Oxy =0 


FIGURE 3.33 Example 5 shows how to 
find equations for the tangent and normal 
to the folium of Descartes at (2, 4). 


Lenses, Tangents, and Normal Lines 


In the law that describes how light changes direction as it enters a lens, the important 
angles are the angles the light makes with the line perpendicular to the surface of the 
lens at the point of entry (angles A and B in Figure 3.32). This line is called the normal 
to the surface at the point of entry. In a profile view of a lens like the one in 
Figure 3.32, the normal is the line perpendicular (also said to be orthogonal) to the 
tangent of the profile curve at the point of entry. 


EXAMPLE 5 Show that the point (2, 4) lies on the curve x* + y* — 9xy = 0. Then 
find the tangent and normal to the curve there (Figure 3.33). 


Solution The point (2, 4) lies on the curve because its coordinates satisfy the equation 
given for the curve: 2? + 47 — 9(2)(4) = 8 + 64-72 =0. 

To find the slope of the curve at (2, 4), we first use implicit differentiation to find a 
formula for dy/dx: 


e+ yp — Oxy = 0 


£0) + £(y3) - Zen) = Lo 


dy dy dx Differentiate both sides 
an aya. 0x2 + Yd =o) with respect to x. 
dy Treat xy as a product and y 
(3y BaD) a a 35 ay =O) as a function of x. 
dy 
Di wae tity ~~ 2 
3(y 3x) ce Oy — 3x 
d By — x? 
a = > 3x Solve for dy/dx. 
yo 7 OX 
We then evaluate the derivative at (x, y) = (2, 4): 
dy ae _ 34-2 _ 8 4 
dxlo4 yy — 3xlaa 4-32) 10 5° 


The tangent at (2, 4) is the line through (2, 4) with slope 4/5: 


(Pd eG =o) 
5 

ag 12 

a ae 5° 


The normal to the curve at (2, 4) is the line perpendicular to the tangent there, the line 
through (2, 4) with slope —5/4: 


Exercises 


Differentiating Implicitly 
Use implicit differentiation to find dy/dx in Exercises 1-16. 


1. xy + x = 2. x3 + y? = 18xy 

3. dy t+ yaxty 4. 2P-x+y=1 

5. (x — yy? =x - y? 6. GBxy + 7) = by 

i 2A 3 TY 

fey x+1 ot x + 3y 

9. x = secy 10. xy = cot(xy) 

11. x + tan(xy) = 0 12. x+ + siny = xy? 

13. y sin (}) =1-xy 14. xcos(2x + 3y) = ysinx 
15. e* = sin (x + 3y) 16. e°” = 2x + 2y 
Find dr/d@ in Exercises 17-20. 

17. ov? + 7/2 = 1 18. r— 2V0 = 5 6/3 +034 
19. sin(r@) = 5 20. cosr + cot@ = e”? 


Second Derivatives 


In Exercises 21-26, use implicit differentiation to find dy/dx and then 
Py /dx. 


2. 7+y=1 
23. y2 =e" + 2x 
25. 2Vy=x-y 


22. P34 y=] 
24. y? - 2x =1-2y 
26. xy+y=1 


27. If x3 + y? = 16, find the value of d*y/dx? at the point (2, 2). 
28. If xy + y* = 1, find the value of d*y/dx? at the point (0, — 1). 


In Exercises 29 and 30, find the slope of the curve at the given points. 
29, y> + x7 =yt- 2x at (—2, 1) and (-2,-1) 
30. OX? + yr = (— y? at (1,0) and (1,-1) 


Slopes, Tangents, and Normals 

In Exercises 31-40, verify that the given point is on the curve and find 
the lines that are (a) tangent and (b) normal to the curve at the given 
point. 


31. xP +xy-y=1, (2,3) 

32. 2+ y2=25, (3,-4) 

33. x*y? = 9, (-1,3) 

34. y> -— 2x —-4y-1=0, (2,1) 

35. 6x2 + 3xy + 2y2 + 17y -6=0, (1,0) 
36. x2 - V3xy + 2y? = 5, (v3.2) 

37. 2xy + wsiny = 27, (1, 7/2) 

38. xsin 2y = ycos 2x, (7/4, 7/2) 

39. y = 2sin(a7x — y), (1,0) 

40. x? cos*y — siny = 0, (0,77) 
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41. Parallel tangents Find the two points where the curve 
x? + xy + y* = 7 crosses the x-axis, and show that the tangents 
to the curve at these points are parallel. What is the common 
slope of these tangents? 


42. Normals parallel to a line Find the normals to the curve 
xy + 2x — y = 0 that are parallel to the line 2x + y = 0. 


43. The eight curve Find the slopes of the curve y* = y? — x? at 
the two points shown here. 


=1 


44. The cissoid of Diocles (from about 200 B.c.) Find equations 
for the tangent and normal to the cissoid of Diocles y7(2 — x) = x? 
at (1, 1). 


45. The devil’s curve (Gabriel Cramer, 1750) Find the slopes of 
the devil’s curve y* — 4y? = x4 — 9x? at the four indicated 


points. 
iy: 
y4 = 4y? = x4 = 9x2 
(—3, 2) 2 (3, 2) 
> xX 
=3 3 
(—3, —2) _) (3, —2) 
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46. The folium of Descartes (See Figure 3.28.) 


a. Find the slope of the folium of Descartes x? + y? — 9xy = 0 
at the points (4, 2) and (2, 4). 

b. At what point other than the origin does the folium have a 
horizontal tangent? 


c. Find the coordinates of the point A in Figure 3.28 where the 
folium has a vertical tangent. 


Theory and Examples 

47. Intersecting normal The line that is normal to the curve 
x? + 2xy — 3y? = 0 at (1, 1) intersects the curve at what other 
point? 

48. Power rule for rational exponents Let p and q be integers 
with g > 0. If y = x?/4, differentiate the equivalent equation 
y? = x? implicitly and show that, for y # 0, 


f yl = Fallot, 

49. Normals to a parabola Show that if it is possible to draw three 
normals from the point (a, 0) to the parabola x = y* shown in the 
accompanying diagram, then a must be greater than 1/2. One of 
the normals is the x-axis. For what value of a are the other two 
normals perpendicular? 


y 
A 


0 (a, 0) 


50. Is there anything special about the tangents to the curves y* = x? 


and 2x? + 3y? = 5 at the points (1, + 1)? Give reasons for your 
answer. 


51. Verify that the following pairs of curves meet orthogonally. 
a P+y=4, x = 3y? 
1 


ff at _i 
b x=1-y, x 3 


52. The graph of y? = x° is called a semicubical parabola and is 
shown in the accompanying figure. Determine the constant b so 
that the line y = —ty + b meets this graph orthogonally. 


In Exercises 53 and 54, find both dy/dx (treating y as a differentiable 


function of x) and dx/dy (treating x as a differentiable function of y). 
How do dy/dx and dx/dy seem to be related? Explain the relationship 
geometrically in terms of the graphs. 

53. xy + x*y = 6 

54. x° + y? = sin?y 


55. Derivative of arcsine Assume that y = sin! x is a differentia- 


ble function of x. By differentiating the equation x = sin y 
implicitly, show that dy/dx = 1/V/1 — x. 
56. Use the formula in Exercise 55 to find dy/dx if 


b. y = sin! () : 
COMPUTER EXPLORATIONS 
Use a CAS to perform the following steps in Exercises 57-64. 


a. y = (sin! x)? 


a. Plot the equation with the implicit plotter of a CAS. Check to 
see that the given point P satisfies the equation. 


b. Using implicit differentiation, find a formula for the deriva- 
tive dy /dx and evaluate it at the given point P. 


c. Use the slope found in part (b) to find an equation for the tan- 
gent line to the curve at P. Then plot the implicit curve and 
tangent line together on a single graph. 


57. 8 —xy+y=7, P,1) 
58. OP + yxt ye? t+ yt=4, PCI, 1) 


5 yy ty=7— > POD 


60. y> + cosxy = x*, P(1, 0) 


61. x + wan(2) = 2 (1.2) 


62. xy? + tan(x + y) = 1, (3. 0) 


63. 2y* + GF = 2724+ 2, PA,D 
64. xV1 + 2y+y=x7, P(I,0) 
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FIGURE 3.34 Graphing a line and its 
inverse together shows the graphs’ sym- 
metry with respect to the line y = x. The 
slopes are reciprocals of each other. 


In Section 1.6 we saw how the inverse of a function undoes, or inverts, the effect of that 
function. We defined there the natural logarithm function f~'(x) = In x as the inverse of the 
natural exponential function f(x) = e*. This is one of the most important function-inverse 
pairs in mathematics and science. We learned how to differentiate the exponential function 
in Section 3.3. Here we learn a rule for differentiating the inverse of a differentiable func- 
tion and we apply the rule to find the derivative of the natural logarithm function. 


Derivatives of Inverses of Differentiable Functions 


We calculated the inverse of the function f(x) = (1/2)x + 1 as f (x) = 2x — 2 in 
Example 3 of Section 1.6. Figure 3.34 shows again the graphs of both functions. If we 
calculate their derivatives, we see that 


d d/{l 1 
dt = a(hs “+ 1) = 5 


| ee 7 
af O= {er - dD =2 


The derivatives are reciprocals of one another, so the slope of one line is the reciprocal of 
the slope of its inverse line. (See Figure 3.34.) 

This is not a special case. Reflecting any nonhorizontal or nonvertical line across the 
line y = x always inverts the line’s slope. If the original line has slope m # 0, the 
reflected line has slope 1 /m. 


1 


: -cf-hyypy — —1 -lyyp) — 
The slopes are reciprocal: ( f~!)'(b) = —— or (f~!)(b) = — 
f(a) fF") 
FIGURE 3.35 The graphs of inverse functions have recipro- 
cal slopes at corresponding points. 


The reciprocal relationship between the slopes of f and f~! holds for other functions 
as well, but we must be careful to compare slopes at corresponding points. If the slope of 
y = f(x) at the point (a, f(a)) is f'(a) and f'(a) # 0, then the slope of y = f~'(x) at the 
point (f(a), a) is the reciprocal 1/f'(a) (Figure 3.35). If we set b = f(a), then 

Te 1 
f@ flowy 
If y = f(x) has a horizontal tangent line at (a, f(a)), then the inverse function f~! has a 
vertical tangent line at (f(a), a), and this infinite slope implies that f~! is not differentia- 


ble at f(a). Theorem 3 gives the conditions under which f 7! is differentiable in its domain 
(which is the same as the range of f). 


(f-1)'(b) = 
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y 


y=x?,x>0 


Slope 4 ¢ (2, 4) 


FIGURE 3.36 = The derivative of 

f \(x) = V*x at the point (4, 2) is the 
reciprocal of the derivative of f(x) = x? 
at (2, 4) (Example 1). 


THEOREM 3—The Derivative Rule for Inverses If f has an interval J as do- 
main and f'(x) exists and is never zero on J, then f~! is differentiable at every 
point in its domain (the range of f). The value of (f~')’ at a point b in the domain 
of f~! is the reciprocal of the value of f’ at the point a = f~'(b): 


1 
-1)'(b) = —— 1 
(f)'(b) f(b) (1) 
or 
df‘) 1 
dx x=b df ; 
AX] x=F-\b) 


Theorem 3 makes two assertions. The first of these has to do with the conditions 
under which f~! is differentiable; the second assertion is a formula for the derivative of 
f—! when it exists. While we omit the proof of the first assertion, the second one is proved 
in the following way: 


i (f ac: )) =x Inverse function relationship 
é f (f "x )) =] Differentiating both sides 
(ol d py) = 
f (f (x)) re (x) = 1 Chain Rule 
a f -\(x) == 1 Solving for the derivative 
al f'(F"@)) 


EXAMPLE 1 The function f(x) = x2,x > 0 and its inverse f(x) = Vx have 
derivatives f'(x) = 2x and (f~))’(Qx) = 1/(2Vx). 
Let’s verify that Theorem 3 gives the same formula for the derivative of f~!(x): 


-l\y = 1 
= aia) 
= 1 f'(x) = 2x with x replaced 
2(f "(x)) by f"@) 
= 1 
vx)" 


Theorem 3 gives a derivative that agrees with the known derivative of the square root 
function. 

Let’s examine Theorem 3 at a specific point. We pick x = 2 (the number a) and 
f(2) = 4 (the value b). Theorem 3 says that the derivative of f at 2, which is f’(2) = 4, 
and the derivative of f~! at f(2), which is (f~')'(4), are reciprocals. It states that 


1 1 1 1 


FGA) FQ” Bla # 
See Figure 3.36. a 


(f-')'(4) = 


We will use the procedure illustrated in Example | to calculate formulas for the derivatives 
of many inverse functions throughout this chapter. Equation (1) sometimes enables us to 
find specific values of df ~!/dx without knowing a formula for f7~!. 


A y=x-2 
Slope 3x? = 3(2)° = 12 


: it 
R rocal slope: — 
eciprocal slope: 5; 


FIGURE 3.37 The derivative of 
f(x) = x° — 2 at x = 2 tells us the 
derivative of f~! at x = 6 (Example 2). 
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EXAMPLE 2 Let f(x) = x* — 2,x > 0. Find the value of df~!/dx at x = 6 = f(2) 
without finding a formula for f~!(x). 


Solution We apply Theorem 3 to obtain the value of the derivative of f~! at x = 6: 


d 
df = 3x? = 12 
dx x=2 x=2 
df"! 1 ge aie 
= q. 
dx x=fQ) df 12 
dx x=2 
See Figure 3.37. a 


Derivative of the Natural Logarithm Function 


Since we know the exponential function f(x) = e* is differentiable everywhere, we can 
apply Theorem 3 to find the derivative of its inverse f~!(x) = In x: 


= 1 
(f a) = F(a) Theorem 3 
1 

“oan fru =e 
_ il 
a pins %.= Oo 
i : — 
=x: Inverse function relationship 


Alternate Derivation Instead of applying Theorem 3 directly, we can find the derivative 
of y = In x using implicit differentiation, as follows: 


y=Inx eo 


e=x Inverse function relationship 


Differentiate implicitly. 


d = 4y 
<() = £0) 


dy 

e ie = 1 Chain Rule 
dy i . 
dx @ x © ~* 


No matter which derivation we use, the derivative of y = In x with respect to x is 


d _l 
Zo» 2 eo 


The Chain Rule extends this formula to positive functions u(x): 
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Derivative of In |x| 


2 aes 


—In |x| = Fs 


dx 


bx > 0 


> NS 


(a, In a) 


y=Inx 


FIGURE 3.38 The tangent line intersects 
the curve at some point (a, In a), where the 
slope of the curve is 1/a (Example 4). 


EXAMPLE 3 


We use Equation (2) to find derivatives. 


d 1 d 1 1 
@) ne = 5 = 2 =e > 0 


(b) Equation (2) with u = x? + 3gives 


1 oid 
wrt3 dx 


_ 1 ee 2x 
et3 7 et 3° 


aii. = 2 
dy + 3) = (x- + 3) 


(c) Equation (2) with u = |x| gives an important derivative: 


d d du 
Sin|x| = fr inue Gu hse 0 
dg 4 yg) = 
or av A) I 
= ia . Fa Substitute for u. 
Xx x 
es 
x2 
4 
=>. 


So 1 /x is the derivative of In x on the domain x > 0, and the derivative of In(—x) on 
the domain x < 0. | 


Notice from Example 3a that the function y = In2x has the same derivative as the 
function y = Inx. This is true of y = Inbx for any constant b, provided that bx > 0: 
d lid 


1 1 
4, nbx = 5" 4. (bx) = 5 (6) = = (3) 


EXAMPLE 4 A line with slope m passes through the origin and is tangent to the graph 
of y = In x. What is the value of m? 


Solution Suppose the point of tangency occurs at the unknown point x = a > 0. Then 
we know that the point (a, In a) lies on the graph and that the tangent line at that point has 
slope m = 1/a (Figure 3.38). Since the tangent line passes through the origin, its slope is 


_Ina—0O_ Ina 
a-—0O a" 


Setting these two formulas for m equal to each other, we have 


Ina _1 
a a 
Ina = 1 
elna = e! 
q= 


Al 


The Derivatives of a” and log, u 


We start with the equation a* = el") = e*™4, q > 0, which was seen in Section 1.6: 


d a= d xIna 
dx dx 
. d d du 
—. ,rIna., Fe ed 
=e a (x In a) a? = * a 


= a Ina. 
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That is, if a > 0, then a* is differentiable and 


Sat = a‘lIna. (4) 


This equation shows why e” is the preferred exponential function in calculus. If a = e, 
then Ina = 1| and the derivative of a* simplifies to 


d x — x _ Xx 
ae e“Ine = e’. 
With the Chain Rule, we get a more general form for the derivative of a general expo- 
nential function a“. 


If a > 0 and uw is a differentiable function of x, then a" is a differentiable func- 
tion of x and 


d u— Ue du 
me 4 Ina ae (5) 
EXAMPLE 5 Here are some derivatives of general exponential functions. 
(a) 43° = 3"In3 On eee 
ax q- with @ 5 x 
(by 43> = 3703) “Ca = -37n3 Cciiniieetee 
ae n ae x n q. (5) with a = 3,u = —x 
(c) 4 z5inx = 35iX(In 3) gi ) = 35"*(1n 3) cos = sj | 
dx dx Xx Xx aneg tt = SHLY 


In Section 3.3 we looked at the derivative f’(0) for the exponential functions f(x) = 
a at various values of the base a. The number f’(0) is the limit, lim,,.9 (a” — 1)/h, and 
gives the slope of the graph of a* when it crosses the y-axis at the point (0, 1). We now see 
from Equation (4) that the value of this slope is 


—— 
lim “= tna. (6) 
In particular, when a = e we obtain 
ee = 
lim a Ine = 1. 


However, we have not fully justified that these limits actually exist. While all of the argu- 
ments given in deriving the derivatives of the exponential and logarithmic functions are 
correct, they do assume the existence of these limits. In Chapter 7 we will give another 
development of the theory of logarithmic and exponential functions which fully justifies 
that both limits do in fact exist and have the values derived above. 

To find the derivative of log, u for an arbitrary base (a > 0, a € 1), we start with the 
change-of-base formula for logarithms (reviewed in Section 1.6) and express log, u in 
terms of natural logarithms, 


In x 


log, x= Ing’ 
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Taking derivatives, we have 


In a is a constant. 


If uw is a differentiable function of x and u > 0, the Chain Rule gives a more general 
formula. 


Fora > Oanda ¥ l, 


1 du 
ulna dx’ 


(7) 


d log, u = 
dx La 


Logarithmic Differentiation 


The derivatives of positive functions given by formulas that involve products, quotients, 
and powers can often be found more quickly if we take the natural logarithm of both sides 
before differentiating. This enables us to use the laws of logarithms to simplify the formu- 
las before differentiating. The process, called logarithmic differentiation, is illustrated in 
the next example. 


EXAMPLE 6 Find dy/dx if 


G4 Ger ay 
y= 


| x I. 


? 


Solution We take the natural logarithm of both sides and simplify the result with the 
algebraic properties of logarithms from Theorem | in Section 1.6: 


+ D@+ 3)" 
x=) 


Iny = In 


= In((x* + 1) + 3)'/?) — In@ — 1) Rule 2 
= InQ? + 1) + In(@x + 3)/2? —InQ®-— 1) Rule 1 


=InQ? + 1) + Fin (x +3)—In@-—1). Rule 


We then take derivatives of both sides with respect to x, using Equation (2) on the left: 


id 1, 131 1 
Ydx 4+] 2 SES ee 


Next we solve for dy/dx: 


dy _ 2x, 1 1 
de Fo] Bee 4 = 1)" 
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Finally, we substitute for y: 


dy @+D@+ 3)? / 2% 1 1 
dx x-1 e+. 2x+6 x-ly 


Irrational Exponents and the Power Rule (General Version) 


The definition of the general exponential function enables us to raise any positive number 
to any real power n, rational or irrational. That is, we can define the power function y = x” 
for any exponent n. 


DEFINITION For any x > O and for any real number n, 


Because the logarithm and exponential functions are inverses of each other, the defini- 
tion gives 


Inx” = nInx, for all real numbers n. 
That is, the rule for taking the natural logarithm of any power holds for al/ real exponents 
n, not just for rational exponents. 


The definition of the power function also enables us to establish the derivative Power 
Rule for any real power n, as stated in Section 3.3. 


General Power Rule for Derivatives 


For x > 0 and any real number n, 


ae 


If x = 0, then the formula holds whenever the derivative, x”, and x”! all exist. 


Proof Differentiating x” with respect to x gives 


d d 
n= —e" Inx Definition of x", x > 0 


Xx 
dx dx 
= pninx, d + | 
e ae (nIn x) Chain Rule for e 


Definition and derivative of In x 


In short, whenever x > 0, 


For x < 0, if y = x", y’, and x”! all exist, then 


In|y| = In|x|" = 7 In|x]. 
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y=(1+ x)l/x 


>X 


FIGURE 3.39 The number e is the limit 


of the function graphed here as x — 0. 


Using implicit differentiation (which assumes the existence of the derivative y’) and 
Example 3(c), we have 


yn 
yu x 
Solving for the derivative, 
AN 
yo =ne=nt= nr! y = x" 


It can be shown directly from the definition of the derivative that the derivative equals 
0 when x = 0 and n = 1 (see Exercise 99). This completes the proof of the general ver- 
sion of the Power Rule for all values of x. a 


EXAMPLE 7 Differentiate f(x) = x*, x > 0. 


Solution We note that f(x) = x* = e*!*, so differentiation gives 


ra = 2" 


— et 4 (cinx) £ eu = xInx 
= vl 1) 

= ¢ Inx + x° 

= x*(Inx + 1). x>0 


We can also find the derivative of y = x‘ using logarithmic differentiation, assuming y’ 
exists. a 


The Number e Expressed as a Limit 


In Section 1.5 we defined the number e as the base value for which the exponential func- 
tion y = a‘ has slope | when it crosses the y-axis at (0, 1). Thus e is the constant that sat- 
isfies the equation 


._ et — 1] 
lim he =Ine=1. Slope equals In e from Eq. (6). 
mesh 


We now prove that e can be calculated as a certain limit. 


THEOREM 4—The Number eas a Limit The number e can be calculated as the 
limit 


e= lim (1 + xl, 


Proof If f(x) = Inx, then f'(x) = 1/x, so f’(1) = 1. But, by the definition of derivative, 


fil) = lim? a FO lime + = — Ff) 


h—0 h x0 


. Indi +x) —- Inl 
= lim 7 


= lim Fn + 2) 1 =0 


x0 
In is continuous, 
= lim In(1 + x) = in| inc + | Theorem 10 in 
a0 x20 Chapter 2. 
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Because f’(1) = 1, we have 
in| inc + a = 1: 
Therefore, exponentiating both sides we get 
lim (1 + x)! =e, 


See Figure 3.39 on the previous page. a 


Approximating the limit in Theorem 4 by taking x very small gives approximations to e. 
Its value is e ~ 2.718281828459045 to 15 decimal places. 


Exercises 


Derivatives of Inverse Functions 13. y = In(?) 14. y = In(#9/2) + Vit 
In Exercises 1-4: 3 ; 
a, Hind $70), 15. y= In} 16. y = In (sin x) 
b. Graph f and f! together. 17. y=In(@@+ 1) - é& 18. y = (cos 6) In (20 + 2) 
c. Evaluate df /dx at x = a and df~'/dx at x = f(a) to show that 19; y= Ing 20. y = (nx)? 
at these points df~!/dx = 1/(df /dx). 21. y = tdnz)* 22, y=thn Vi 
1. = 2x + =-1 2. =(1 + 7 =-l1 4 a 
SA Habs ae oa 23. y=~inx-S 24. y = (x7 Inx)* 
3. f~)=5-4x, a=1/2 4 f@ =2x, x20, a=5 4 16 
3 Ae anes Int t 
5. a. Show that f(x) = x° and g(x) = Vx are inverses of one another. 25. y= 26. y = 
b. Graph f and g over an x-interval large enough to show the Vint 
graphs intersecting at (1, 1) and (—1, —1). Be sure the picture : In x _ _xInx 
; : y= 28. y= 
shows the required symmetry about the line y = x. 1+ Inx 1+ Inx 
c. Find the slopes of the tangents to the graphs of f and g at 29. y = In(Inx) 30. y = In (In (In x)) 
(1, 1) and (—1, —1) (four tangents in all). 31. y = (sin (In @) + cos (In @)) 
d. What lines are tangent to the curves at the origin? 32. y = In(sec 6 + tan @) 
6. a. Show that h(x) = x3°/4 and k(x) = (4x)!? are inverses of one - ‘ 1 ‘4 eee: 
. y = Ih —— ~ y= ln 
another. y xVx +1 en ce 
b. Graph / and k over an x-interval large enough to show the 1+Int 
graphs intersecting at (2, 2) and (—2, —2). Be sure the picture 35. y= l—Int 36. y = Vin Vi 
shows the required symmetry about the line y = x. 7 7 Ga mee 
c. Find the slopes of the tangents to the graphs at h and k at 37. y = In (sec (In 6)) 38. y = In 1+2mn0 
(2, 2) and (—2, —2). 
. ‘gin? 24 1) I(x + 1p 
d. What lines are tangent to the curves at the origin 50, (f ) ) io yp =i ( a 
7. Let f(x) = x° — 3x? — 1,x = 2. Find the value of df~!/dx at Wl =X (x + 2) 
the point x = —1 = f(3). Logarithmic Differentiation 
8. Let f(x) = x? — 4x — 5,x > 2. Find the value of df~'/dx at In Exercises 41-54, use logarithmic differentiation to find the deriva- 
the point x = 0 = f(5). tive of y with respect to the given independent variable. 
9. Suppose that the differentiable function y = f(x) has an inverse 41. y= Vxix + 1) 42. y= Vi? + Daw - 1? 
and that the graph of f passes through the point (2, 4) and has a t 1 
slope of 1/3 there. Find the value of df~'/dx at x = 4. 43. y= i+1 44. y= Vit +1 
10. Suppose that the differentiable function y = g(x) has an inverse 45. y = (sind)V6 + 3 46. y = (tand)V20 + 1 
and that the graph of g passes through the origin with slope 2. 
Find the slope of the graph of g7! at the origin. 47. y= tt + I(t + 2) 48. y= ex et D 
Derivatives of Logarithms ee 6+5 eae 6 sin 0 
In Exercises 11—40, find the derivative of y with respect to x, t, or 0, ~V~ bcos 8 oy: </secB 


as appropriate. 


10 
11. y=In3xt+x 12. 9= oe si. yo 52, y = (x + 1) 
me (e+ 18 V (2x + 1) 
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_ 3/X — 2) 
esti 


3 x(x + 1)(x — 2) 
2 + 1)(2x + 3) 


Finding Derivatives 
In Exercises 55-62, find the derivative of y with respect to x, f, or 0, 
as appropriate. 


55. y = In (cos* @) 56. y = In (30e%) 
57. y = In Bte’) 58. y = In (2e‘sin f) 
0 
59. y=in( c ;) 60. y=n(—) 
It i¢ 1+ Vo 
61. y = e&ostt inn 62. y= e&™ (In? + 1) 
In Exercises 63-66, find dy/dx. 
63. Iny = e’sinx 64. Inxy = e*” 
65. x = y* 66. tany = e* + Inx 


In Exercises 67-88, find the derivative of y with respect to the given 
independent variable. 


67. y= 2° 68. y =3* 
69. y = 5vs 70. y = 2 
71. y = x" 72. y = tle 
73. y = log,50 74. y = log3(1 + @1n3) 
75. y = logyx + log4x? 76. y = logose* — logsVx 
77. y = logsr:logyr 78. y = log;r:logyr 

= x+1 In3 - 7x Ins 
79, y= toes((44) ) 80. y = log; (= ;) 
81. y = Osin (log, 0) 82. y = log (attest nee *) 
83. y = logse* 84. y = loea( =) 
55... y= ae! 86. y = 3 logs (logy ft) 


ll 


87. y = log, (81?) 88. y = flog; (essin ‘(In 3) 


Logarithmic Differentiation with Exponentials 
In Exercises 89-96, use logarithmic differentiation to find the deriva- 
tive of y with respect to the given independent variable. 


89. y = (x + 1Y 90. y = xt) 
91. y = (vt) 92, y = 1¥i 
93. y = (sin x)" 94. y= xsinx 
95. y = xln* 96. y = (Inx)"* 


Theory and Applications 
97. If we write g(x) for f-'(x), Equation (1) can be written as 


a or g(f(a)):f'@ = 
g'(f(a)) = oo: 8'(fla))* f'(a) 
If we then write x for a, we get 
g'(f@))* f'@) = 
The latter equation may remind you of the Chain Rule, and indeed 
there is a connection. 


Assume that f and g are differentiable functions that are 
inverses of one another, so that (g° f)(x) = x. Differentiate both 


sides of this equation with respect to x, using the Chain Rule to 
express (g°f)'(x) as a product of derivatives of g and f. 
What do you find? (This is not a proof of Theorem 3 because 
we assume here the theorem’s conclusion that g = f! is 
differentiable.) 


98. Show that Himy-a(1 + x) = e* for any x > 0. 


n 


99. If f(x) = x",n = 1, show from the definition of the derivative 


that f’(0) = 0. 
100. Using mathematical induction, show that for n > 1 
d" _ nat — VD! 
ae Inx = (1) a 


COMPUTER EXPLORATIONS 

In Exercises 101-108, you will explore some functions and their 
inverses together with their derivatives and tangent line approxima- 
tions at specified points. Perform the following steps using your CAS: 


a. Plot the function y = f(x) together with its derivative over the 
given interval. Explain why you know that f is one-to-one over 
the interval. 


b. Solve the equation y = f(x) for x as a function of y, and name the 
resulting inverse function g. 


c. Find the equation for the tangent line to f at the specified point 
(Xo, FQ): 

d. Find the equation for the tangent line to g at the point (f(x), xo) 
located symmetrically across the 45° line y = x (which is the 
graph of the identity function). Use Theorem 3 to find the slope of 
this tangent line. 


e. Plot the functions f and g, the identity, the two tangent lines, and 
the line segment joining the points (Xp, f(x%p)) and (f(%9), Xo). 
Discuss the symmetries you see across the main diagonal. 


101. y = V3x — 2, Bae pee xX =3 


3 
3x + 2 
102. y= 47> 25x52, x» =1/2 
4x 
103. y= 5 » “lexe1, m=1/2 
xe ee 
3 
104. y= 5 , ~lsx=1, » = 1/2 
aes Al 
105. y= x - 3x7 - 1, 25x55, m= o 
= 3 =3 
106. y=2—-—x-x, -25x5=2, Xo = 5 


107. y=e, -3 5x55, ~H= 1 


108. y = sin x, 


In Exercises 109 and 110, repeat the steps above to solve for the func- 
tions y = f(x) and x = f '(y) defined implicitly by the given equa- 
tions over the interval. 

109. YP -1=@+2, -5<x<5, % =-3/2 

110. cosy =x'5, OS x51, m =1/2 
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3.9 Inverse Trigonometric Functions 


Domain: —%® < x < % 
Range: ate y< a 


We introduced the six basic inverse trigonometric functions in Section 1.6, but focused 
there on the arcsine and arccosine functions. Here we complete the study of how all six 
inverse trigonometric functions are defined, graphed, and evaluated, and how their deriva- 
tives are computed. 


Inverses of tan x, cot x, sec x, and csc x 


The graphs of these four basic inverse trigonometric functions are shown again in Figure 3.40. 
We obtain these graphs by reflecting the graphs of the restricted trigonometric functions 
(as discussed in Section 1.6) through the line y = x. Let’s take a closer look at the arctan- 
gent, arccotangent, arcsecant, and arccosecant functions. 


Domain: —*® < x < % Domain: x = —lorx= 1 Domain: x= —lorx=1 


Range: O<y<a Range: O=y=my4t Range: —F Sys py FO 


(a) 


< 
Il 
n 
Q 
o. 
ae 
via 
S< 
Il 
fe) 
an 
o 
ee 


(b) (c) (d) 


FIGURE 3.40 Graphs of the arctangent, arccotangent, arcsecant, and arccosecant functions. 


The arctangent of x is a radian angle whose tangent is x. The arccotangent of x is an angle 
whose cotangent is x, and so forth. The angles belong to the restricted domains of the tan- 
gent, cotangent, secant, and cosecant functions. 


DEFINITIONS 


tan~!x is the number in (—7/2, 7/2) for which tan y = x. 


< 
ll 


cot~!x is the number in (0, zr) for which coty = x. 


= sec”!x is the number in [ 0, 77/2) U (7/2, 7 | for which sec y = x. 


Ne Net Net 
| 


esc~!x is the number in [—7/2, 0) U (0, 7/2] for which csc y = x. 


We use open or half-open intervals to avoid values for which the tangent, cotangent, 
secant, and cosecant functions are undefined. (See Figure 3.40.) 

The graph of y = tan_!x is symmetric about the origin because it is a branch of the 
graph x = tany that is symmetric about the origin (Figure 3.40a). Algebraically this 
means that 


tan! (—x) = —tan! x; 


the arctangent is an odd function. The graph of y = cot''x has no such symmetry 
(Figure 3.40b). Notice from Figure 3.40a that the graph of the arctangent function has two 
horizontal asymptotes: one at y = 7/2 and the other at y = —7/2. 
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Domain: |x| =1 


Range: Ox<ysa,y#2% 


N 


y 


FIGURE 3.41 There are several logical 
choices for the left-hand branch of 


y = sec |x. With choice A, 
1 


sec !x = cos !(1 /x), a useful identity 


employed by many calculators. 


y = sin! y 
Domain: -—l=x=1 
Range: —7/2 =y = 7/2 


>X 


FIGURE 3.42 The graph of y = sin"! x 
has vertical tangents at x = —1 and 
x=1. 


The inverses of the restricted forms of sec x and csc x are chosen to be the functions 
graphed in Figures 3.40c and 3.40d. 


Caution There is no general agreement about how to define sec”! x for negative values of 
x. We chose angles in the second quadrant between 7/2 and z. This choice makes 
sec !x = cos !(1 /x). It also makes sec!x an increasing function on each interval of its 
domain. Some tables choose sec™!x to lie in [—a, —77/ 2) for x < 0 and some texts 
choose it to lie in [ 7, 37r/2) (Figure 3.41). These choices simplify the formula for the 
derivative (our formula needs absolute value signs) but fail to satisfy the computational 
equation sec"! x = cos”!(1/x). From this, we can derive the identity 


sec !x = cos! () = 5 sin ! (4) (1) 


by applying Equation (5) in Section 1.6. 


EXAMPLE 1 The accompanying figures show two values of tan”! x. 


etal =i 
V3 
wT 
2 6 
>X 
0) V3 
1 
tan Z = Le 
6 3 
x tan ‘x 
V3 a /3 


1 aw /4 
V3/3 1/6 
~V3/3 —1/6 
1 —17/4 
-V3 —7 /3 


The angles come from the first and fourth quadrants because the range of tan”!x is 
(-a7/2, 7/2). a 


The Derivative of y = sin-u 


We know that the function x = sin y is differentiable in the interval —77/2 < y < 7/2 
and that its derivative, the cosine, is positive there. Theorem 3 in Section 3.8 therefore 
assures us that the inverse function y = sin! x is differentiable throughout the interval 
—1 <x < 1. We cannot expect it to be differentiable at x = 1 or x = —1 because the 
tangents to the graph are vertical at these points (see Figure 3.42). 
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We find the derivative of y = sin”! x by applying Theorem 3 with f(x) = sin x and 
f@) = sin! x: 


1 


(f-')'@) = Theorem 3 

FUE) 

_ 1 oe 
eae (sin) f'(u) = cosu 

= ! cosu = V1 — sin?u 
V1 — sin? (sin! x) 

= — sin (sin’'!x) = x 

1- x 


If u is a differentiable function of x with |u| < 1, we apply the Chain Rule to get the 
general formula 


1 
V1l- wv 


ote: du 
ae (sin™ u) = aes Jul <1. 


EXAMPLE 2 Using the Chain Rule, we calculate the derivative 


1 5 d (x2) = 2x oO 
VI- (ey ae 1-x* 


4 ys 142 
dx Sin x)= 


The Derivative of y = tan-tu 


We find the derivative of y = tan!x by applying Theorem 3 with f(x) = tanx and 
f(x) = tan”! x. Theorem 3 can be applied because the derivative of tan x is positive for 
—m/2<x< 7/2: 


1 


(F)'@) ~ T( £-l(+)) Theorem 3 
iG) 
u 1 
7 sec? (tan! x) f'(u) = sec?u 
a 1 P . 
2 =] sec*u = 1 + tan*u 

1 + tan? (tan7! x) 

= tan (tan! x) = x 
1+ x? 


The derivative is defined for all real numbers. If uv is a differentiable function of x, we get 
the Chain Rule form: 


1 du 
1+ wdx 


é (tan! u) = 


The Derivative of y = sec-!u 


Since the derivative of sec x is positive for 0 < x < w/2 and 7/2 < x < 7, Theorem 3 
says that the inverse function y = sec”! x is differentiable. Instead of applying the formula 
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1 


FIGURE 3.43 


The slope of the curve 


y = sec |x is positive for both x < —1 


and x > 1. 


in Theorem 3 directly, we find the derivative of y = sec! x, 


ferentiation and the Chain Rule as follows: 


x| > 1, using implicit dif- 
y = sec !x 


secy=x Inverse function relationship 


a (sec y) = oy Differentiate both sides. 


d 
sec y tan ve = 1 Chain Rule 
Since |x| > 1, y lies in 
dy 1 |x| 


(0, 7/2) U (a /2, 7) and 


dx sec y tan y" secytany # 0. 


To express the result in terms of x, we use the relationships 


secy=x and tany= tVsec?y—-1=+Vx-1 
to get 

dy, 1 

dx V2 = 1 


Can we do anything about the + sign? A glance at Figure 3.43 shows that the slope of the 
graph y = sec”! x is always positive. Thus, 


ah AL 


= tx = =I, 


xVx2 - 1 


With the absolute value symbol, we can write a single expression that eliminates the “+” 
ambiguity: 


d ool 


sec xX = 


1 
|x| V2 = 1 


If wis a differentiable function of x with |u| > 1, we have the formula 


1 du 
|u| Vie — 1 ax’ 


4 (eet) = Jul > 1. 


dx 


EXAMPLE 3 Using the Chain Rule and derivative of the arcsecant function, we find 
@ ani (aA 1 d (5,4 
— sec! (5x4) = 5x*) 
dx | 5x4] V (5x4)? — i de ( 
1 
= (20x) 5x4 >1>0 
5xtV/25x8 — 1 
4 


 \/25x8 — 1 


3.9 Inverse Trigonometric Functions 191 


Derivatives of the Other Three Inverse Trigonometric Functions 


We could use the same techniques to find the derivatives of the other three inverse trigono- 
metric functions—arccosine, arccotangent, and arccosecant—but there is an easier way, 
thanks to the following identities. 


Inverse Function—Inverse Cofunction Identities 


cos ‘!x = 7/2 — sin''x 


cot !x = w/2 — tan!x 


esc !x = w/2 — sec'x 


We saw the first of these identities in Equation (5) of Section 1.6. The others are 
derived in a similar way. It follows easily that the derivatives of the inverse cofunctions are 
the negatives of the derivatives of the corresponding inverse functions. For example, the 
derivative of cos”! x is calculated as follows: 


£ (cosx) = (2 — sn-'x) Identity 


i et Derivative of arcsine 
1 


The derivatives of the inverse trigonometric functions are summarized in Table 3.1. 


TABLE 3.1 Derivatives of the inverse trigonometric functions 
d(sin !u) 1 du 
1. ae po dx’ |u| < 1 
d —1 
2 (cos u) -_ 1 du |u| <1 
dx Vi - wk 
P d(tan! wu) 1 du 
: dx 1+ uw dx 
‘ d(cot'u) 1 du 
. dx 1+ Ww dx 
d =1 
5 (sec!) 1 du ied 
dx Jul V2 — 1 a 
d(csc!u) 1 du 
& dx ul Vie — 1 2x’ Ered 
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Exercises 


Common Values 
Use reference triangles in an appropriate quadrant, as in Example 1, to 
find the angles in Exercises 1-8. 


1. a. tan! 1 b. tan™ (-V3) c. tan” (+ 


1 
V3 
2. a. tan !(-1) b. tan! V3 c. tan” (=) 


3. a. sin! (3) b. siné (+. sine (=) 


| 
om) 


Py 

t+ 

g. 

5, 
os, 

NIF 

eed 

7 


nn 

i 

fe) 

io) 

n 
aS 

Nie 

Se 

a 

fe) 

ie) 

n 


7. a. sec!(— V2) b. sec 


8. a. cot !(-1) b. cot !( V3) c. cot & 


Evaluations 
Find the values in Exercises 9-12. 


9. sin (cos: (~2)) 10. sec (cos) 
1. tan (sin (- :)) 


12. cot (sin (- ¥3)) 
2 
Limits 


Find the limits in Exercises 13-20. (If in doubt, look at the function’s 
graph.) 


1 1 


13. lim sin''x 14. lim cos ‘x 
x17 x—-It 

15. lim tan! x 16. lim tan! x 
x00 x00 

17. lim sec! x 18. lim sec! x 
x00 x—-0o 

19. lim csc! x 20. lim csc! x 
x00 x00 


Finding Derivatives 
In Exercises 21—42, find the derivative of y with respect to the appro- 
priate variable. 


21. y = cos !(x’) 22. y = cos !(1/x) 


23. y = sin! V2t 24. y= sin (1 — 2 
25. y = sec !(2s + 1) 26. y = sec !5s 
27. y=csc'(Q? +1), x >0 
28. y = eset 

= cee = gpl 
29. y = sec 7p O<t<l so yn 
31. y= cot! Vt 32. y=cot!Vr-1 
33. y = In (tan! x) 34. y = tan! (In x) 
35. ¥ = ese *(e4) 36. y = cos !(e%) 


37. y=sV1—s*+cos's 38 y= Vs? —1-—sec!s 
39. y= tan! Vx? -—1+esc!x, x > 1 


41. y=xsin'x + V1 - x 


40. y= cot + — tan! x 
42. y = In(Qx? + 4) — xtan'! (5) 


Theory and Examples 

43. You are sitting in a classroom next to the wall looking at the 
blackboard at the front of the room. The blackboard is 12 ft long 
and starts 3 ft from the wall you are sitting next to. Show that 
your viewing angle is 


|x 1x 
a = cot cot 


15 3 


if you are x ft from the front wall. 


Blackboard 


ke 24 


44, Find the angle a. 


45. Here is an informal proof that tan’! 1 + tan!2 + tan!3 = zr. 
Explain what is going on. 


46. Two derivations of the identity sec~1(—x) = a — sec™!x 


a. (Geometric) Here is a pictorial proof that sec”! (—x) = 
am — sec”! x. See if you can tell what is going on. 


Oo} NIA 
v 
# 


b. (Algebraic) Derive the identity sec"'(—x) = a — sec !x by 
combining the following two equations from the text: 
cos !(—x) = m7 — cos! 


cos !(1/x) Eq. (1) 


x Eq. (4), Section 1.6 
-1 


ll 


sec “Xx 


Which of the expressions in Exercises 47-50 are defined, and which 
are not? Give reasons for your answers. 


47. a. tan! 2 b. cos! 2 
48. a. csc7!(1/2) b. csc! 2 
49. a. sec! 0 b. sin! V2 
50. a. cot !(-1/2) b. cos !(—5) 
51. Use the identity 

csc lu = a — sec !u 


to derive the formula for the derivative of csc’! u in Table 3.1 
from the formula for the derivative of sec”! u. 


52. Derive the formula 
dy 1 
dx 14+x 


for the derivative of y = tan! x by differentiating both sides of 
the equivalent equation tan y = x. 


53. Use the Derivative Rule in Section 3.8, Theorem 3, to derive 


1 


sec” |x| > 1. 


dx 


x= 


1 
Jal V2 — 1 
54. Use the identity 


a1, —_7 _ =1 
cot ‘u tan “u 


2 


to derive the formula for the derivative of cot!w in Table 3.1 
from the formula for the derivative of tan! w. 


3. 1 () Related Rates 


3.10 Related Rates 193 


55. What is special about the functions 


= Gj ax7l = —ll +9 

f(x) = sin ye * =0, and g(x) = 2tan! Vx? 
Explain. 

56. What is special about the functions 


f(x) = sin! a and g(x) = tan! 2 
Explain. 
57. Find the values of 
a. sec! 1.5 b. csc! (—1.5) c. cot !2 
58. Find the values of 
a. sec '(—3) b. csc! 1.7 c. cot! (—2) 


In Exercises 59-61, find the domain and range of each composite 


function. Then graph the composites on separate screens. Do the 
graphs make sense in each case? Give reasons for your answers. Com- 
ment on any differences you see. 


59. a. y = tan '|(tan x) b. y = tan (tan! x) 


60. a. y = sin !(sin x) b. y = sin (sin! x) 


61. a y 


ll 


cos! (cos x) b. y = cos (cos !x) 


Use your graphing utility for Exercises 62-66. 


62. Graph y = sec (sec! x) = sec (cos'(1/x)). Explain what you 
see. 

63. Newton’s serpentine Graph Newton’s serpentine, y =4x/(x? + 1). 
Then graph y = 2sin (2tan'x) in the same graphing window. 
What do you see? Explain. 

64. Graph the rational function y = (2 — x?)/x?. Then graph y = 
cos (2sec!x) in the same graphing window. What do you see? 
Explain. 


65. Graph f(x) = sin”! x together with its first two derivatives. Com- 
ment on the behavior of f and the shape of its graph in relation to 
the signs and values of f’ and f”. 


66. Graph f(x) = tan”! x together with its first two derivatives. Com- 
ment on the behavior of f and the shape of its graph in relation to 
the signs and values of f’ and f”. 


In this section we look at problems that ask for the rate at which some variable changes 
when it is known how the rate of some other related variable (or perhaps several variables) 
changes. The problem of finding a rate of change from other known rates of change is 
called a related rates problem. 
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when y = 6 ft 


FIGURE 3.44 The geometry of the 
conical tank and the rate at which water 
fills the tank determine how fast the water 
level rises (Example 1). 


Related Rates Equations 


Suppose we are pumping air into a spherical balloon. Both the volume and radius of the 
balloon are increasing over time. If V is the volume and r is the radius of the balloon at an 
instant of time, then 


V= | 


3 


Using the Chain Rule, we differentiate both sides with respect to t to find an equation 
relating the rates of change of V and r, 


dV _ dVdr _ Agr 


dt drdt dt’ 


So if we know the radius r of the balloon and the rate dV/dt at which the volume is 
increasing at a given instant of time, then we can solve this last equation for dr/dt to find 
how fast the radius is increasing at that instant. Note that it is easier to directly measure the 
rate of increase of the volume (the rate at which air is being pumped into the balloon) than 
it is to measure the increase in the radius. The related rates equation allows us to calculate 
dr/dt from dV/dt. 

Very often the key to relating the variables in a related rates problem is drawing a picture 
that shows the geometric relations between them, as illustrated in the following example. 


EXAMPLE 1 Water runs into a conical tank at the rate of 9 ft?/min. The tank stands 
point down and has a height of 10 ft and a base radius of 5 ft. How fast is the water level 
rising when the water is 6 ft deep? 


Solution Figure 3.44 shows a partially filled conical tank. The variables in the problem are 


V = volume (ft*) of the water in the tank at time ¢ (min) 
x = radius (ft) of the surface of the water at time t 
y = depth (ft) of the water in the tank at time f. 


We assume that V, x, and y are differentiable functions of t. The constants are the dimen- 
sions of the tank. We are asked for dy/dt when 


y=6ft and “ = 9 ft/min. 
The water forms a cone with volume 
V= 1 ay, 


3 


This equation involves x as well as V and y. Because no information is given about x and 
dx/dt at the time in question, we need to eliminate x. The similar triangles in Figure 3.44 
give us a way to express x in terms of y: 

x. 5 


7 an or gor 
y 10 2° 


Therefore, we find 


to give the derivative 


Balloon 


- = 0.14 rad/min 
when 0 = 77/4 dy 26 
y| dt . 
when @ = 77/4 
Range 
finder 150m 


FIGURE 3.45 _ The rate of change of the 
balloon’s height is related to the rate of 
change of the angle the range finder makes 
with the ground (Example 2). 
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Finally, use y = 6 and dV/dt = 9 to solve for dy/dt. 


dy 
— T oy es, 
: 4 ©) dt 


dy _1 
aoe 0.32 
At the moment in question, the water level is rising at about 0.32 ft/min. a 


Related Rates Problem Strategy 


1. Draw a picture and name the variables and constants. Use t for time. Assume 
that all variables are differentiable functions of t. 


2. Write down the numerical information (in terms of the symbols you have chosen). 
3. Write down what you are asked to find (usually a rate, expressed as a derivative). 


4. Write an equation that relates the variables. You may have to combine two 
or more equations to get a single equation that relates the variable whose rate 
you want to the variables whose rates you know. 

5. Differentiate with respect to t. Then express the rate you want in terms of the 
rates and variables whose values you know. 


6. Evaluate. Use known values to find the unknown rate. 


EXAMPLE 2 A hot air balloon rising straight up from a level field is tracked by a 
range finder 150 m from the liftoff point. At the moment the range finder’s elevation angle 
is 77/4, the angle is increasing at the rate of 0.14 rad / min. How fast is the balloon rising at 
that moment? 


Solution We answer the question in the six strategy steps. 

1. Draw a picture and name the variables and constants (Figure 3.45). The variables in 
the picture are 
0 = the angle in radians the range finder makes with the ground. 
y = the height in meters of the balloon above the ground. 


We let ¢ represent time in minutes and assume that 6 and y are differentiable functions of f. 
The one constant in the picture is the distance from the range finder to the liftoff point 

(150 m). There is no need to give it a special symbol. 

2. Write down the additional numerical information. 


do _ . = = 
a 0.14 rad/min when d= 4 
3. Write down what we are to find. We want dy/dt when 6 = 7/4. 


4. Write an equation that relates the variables y and 0. 


ye = 
150 > tan 0 or y = 150tan 0 
5. Differentiate with respect to t using the Chain Rule. The result tells how dy/dt (which 
we want) is related to d6/dt (which we know). 


dy _ > 40 
a 150 (sec 0) it 
6. Evaluate with 0 = 7/4 and d0/dt = 0.14 to find dy/dt. 
dy 
4p = 150(V2)?0.14) = 42 see F = V2 


At the moment in question, the balloon is rising at the rate of 42 m/min. Oo 
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FIGURE 3.46 The speed of the car is 
related to the speed of the police cruiser 
and the rate of change of the distance s 


Situation when 
x = 0.8, y = 0.6 


ds _ 
a = 20 


between them (Example 3). 


FIGURE 3.47 The particle P 
travels clockwise along the circle 


(Example 4). 


EXAMPLE 3 A police cruiser, approaching a right-angled intersection from the north, 
is chasing a speeding car that has turned the corner and is now moving straight east. When 
the cruiser is 0.6 mi north of the intersection and the car is 0.8 mi to the east, the police deter- 
mine with radar that the distance between them and the car is increasing at 20 mph. If the 
cruiser is moving at 60 mph at the instant of measurement, what is the speed of the car? 


Solution We picture the car and cruiser in the coordinate plane, using the positive x-axis 
as the eastbound highway and the positive y-axis as the southbound highway (Figure 3.46). 
We let ¢ represent time and set 


xX = position of car at time f 
y = position of cruiser at time f 


s = distance between car and cruiser at time t. 


We assume that x, y, and s are differentiable functions of t. 
We want to find dx/dt when 


d 
y=06mi, ~=-60mph, “= 20mph. 


x = 0.8 mi, EF a 


Note that dy/dt is negative because y is decreasing. 
We differentiate the distance equation between the car and the cruiser, 


fs pag 
(we could also use s = Vx? + y?), and obtain 


ds _ , dx dy 
2s 2x ; + 2y cP 


dt d 
ds _ 1 ek fe dy 
dt & dt dt 


=, il eg 
Vx2 + y2\ at Yat} 


Finally, we use x = 0.8, y = 0.6, dy/dt = —60, ds/dt = 20, and solve for dx/dt. 


il dx 
0= 0.8= + (0.6)(—60 
as dt (064-60) 
dx 20V(0.8)2 + (0.6) + (0.6)(60) 
de 0.8 a0 


At the moment in question, the car’s speed is 70 mph. a 


EXAMPLE 4 A particle P moves clockwise at a constant rate along a circle of radius 
10 m centered at the origin. The particle’s initial position is (0, 10) on the y-axis, and its 
final destination is the point (10, 0) on the x-axis. Once the particle is in motion, the tan- 
gent line at P intersects the x-axis at a point Q (which moves over time). If it takes the 
particle 30 sec to travel from start to finish, how fast is the point Q moving along the x-axis 
when it is 20 m from the center of the circle? 


Solution We picture the situation in the coordinate plane with the circle centered at the 
origin (see Figure 3.47). We let f represent time and let 6 denote the angle from the x-axis 
to the radial line joining the origin to P. Since the particle travels from start to finish in 
30 sec, it is traveling along the circle at a constant rate of 7/2 radians in 1/2 min, or 
a rad/min. In other words, d0/dt = —7, with t being measured in minutes. The negative 
sign appears because @ is decreasing over time. 


R 


FIGURE 3.48 Jet airliner A 
traveling at constant altitude 
toward radar station R 
(Example 5). 
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Setting x(f) to be the distance at time ¢ from the point Q to the origin, we want to find 
dx/dt when 


a —a rad/min. 


x = 20m and a 


To relate the variables x and 6, we see from Figure 3.47 that x cos 6 = 10, or 
x = 10sec 0. Differentiation of this last equation gives 
dx _ dO 
a 10 sec 6 tan 0 i 1077 sec 6 tan @. 
Note that dx/dt is negative because x is decreasing (Q is moving toward the origin). 
When x = 20, cos 6 = 1/2 and sec 6 = 2. Also, tan@ = Vsec2@ — 1 = V3. It 
follows that 


& = (-107)(2)(V3) = -20V3z. 
At the moment in question, the point Q is moving toward the origin at the speed of 
20V3a ~ 109 m/min. | 


EXAMPLE 5 A jet airliner is flying at a constant altitude of 12,000 ft above sea level 
as it approaches a Pacific island. The aircraft comes within the direct line of sight of a 
radar station located on the island, and the radar indicates the initial angle between sea 
level and its line of sight to the aircraft is 30°. How fast (in miles per hour) is the aircraft 
approaching the island when first detected by the radar instrument if it is turning upward 
(counterclockwise) at the rate of 2/3 deg/sec in order to keep the aircraft within its direct 
line of sight? 


Solution The aircraft A and radar station R are pictured in the coordinate plane, using 
the positive x-axis as the horizontal distance at sea level from R to A, and the positive 
y-axis as the vertical altitude above sea level. We let ¢ represent time and observe that 
y = 12,000 is a constant. The general situation and line-of-sight angle 6 are depicted in 
Figure 3.48. We want to find dx/dt when 6 = 7/6 rad and d6/dt = 2/3 deg/sec. 

From Figure 3.48, we see that 


12,000 


Xx 


= tand or x = 12,000 cot 6. 


Using miles instead of feet for our distance units, the last equation translates to 


_ 12,000 te 
x = zygg cord. 
Differentiation with respect to t gives 
dx _ _ 1200 aed dé 
dt 528 dt’ 


When @ = 77/6, sin? 6 = 1/4, so csc? 6 = 4. Converting d0/dt = 2/3 deg/sec to radi- 
ans per hour, we find 


a = 2 (2) 600 rad/hr. 1 hr = 3600 sec, 1 deg = 77/180 rad 


Substitution into the equation for dx/dt then gives 


ds 1200\../2\( _ 
dt ( 200 (2) 73) 2600) ~ 380. 


The negative sign appears because the distance x is decreasing, so the aircraft is approach- 
ing the island at a speed of approximately 380 mi/hr when first detected by the radar. Ml 
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P EXAMPLE 6 Figure 3.49a shows a rope running through a pulley at P and bearing a 
weight W at one end. The other end is held 5 ft above the ground in the hand M of 
a worker. Suppose the pulley is 25 ft above ground, the rope is 45 ft long, and the worker 
is walking rapidly away from the vertical line PW at the rate of 4 ft/sec. How fast is the 
weight being raised when the worker’s hand is 21 ft away from PW? 


Solution We let OM be the horizontal line of length x ft from a point O directly below 
the pulley to the worker’s hand M at any instant of time (Figure 3.49). Let h be the height 
of the weight W above O, and let z denote the length of rope from the pulley P to the 
worker’s hand. We want to know dh/dt when x = 21 given that dx/dt = 4. Note that the 
height of P above O is 20 ft because O is 5 ft above the ground. We assume the angle at O 
is a right angle. 

At any instant of time t we have the following relationships (see Figure 3.49b): 


20 -h+z= 45 


Total length of rope is 45 ft. 


20? + x = 2. Angle at O is a right angle. 
If we solve for z = 25 + h in the first equation, and substitute into the second equation, 
we have 
207 + x? = (25 + h)’. (1) 
(0) Differentiating both sides with respect to ¢ gives 
FIGURE 3.49 A worker at M 
: ; dx _ dh 
walks to the right, pulling the 2x ae” 2(25 + h) dt’ 


weight W upward as the rope 


moves through the pulley P and solving this last equation for dh/dt we find 


(Example 6). 

7 = 25h 7 2) 
Since we know dx/dt, it remains only to find 25 + A at the instant when x = 21. From 
Equation (1), 

207 + 21? = (25 + h)? 
so that 
(25 + hy = 841, or 25 +h = 29. 
Equation (2) now gives 
a = 74 = , = 2.9 ft/sec 

as the rate at which the weight is being raised when x = 21 ft. a 


Exercises 


1. 


Area Suppose that the radius r and area A = arr? of a circle are 
differentiable functions of t. Write an equation that relates dA /dt 
to dr/dt. 


. Surface area Suppose that the radius r and surface area S = 4arr? 


of a sphere are differentiable functions of t. Write an equation that 
relates dS/dt to dr/dt. 


. Assume that y = 5x and dx/dt = 2. Find dy/dt. 


4, Assume that 2x + 3y = 12 and dy/dt = —2. Find dx/dt. 
5. If y = x° and dx/dt = 3, then what is dy/dt when x = —1? 


6. If x = y> — y and dy/dt = 5, then what is dx/dt when y = 2? 


10. 


. If x? + y? = 25 and dx/dt = —2, then what is dy/dt when 


x = 3 and y = —4? 


. If x°y? = 4/27 and dy/dt = 1/2, then what is dx/dt when 


x= 2? 


If L= Vx + y*,dx/dt =—-1, and dy/dt = 3, find dL/dt 


when x = 5 and y = 12. 
If r+ s? + v3 = 12,dr/dt = 4, and ds/dt = —3, find du/dt 
when r = 3 ands = 1. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


If the original 24 m edge length x of a cube decreases at the rate 
of 5 m/min, when x = 3 mat what rate does the cube’s 


a. surface area change? 
b. volume change? 


A cube’s surface area increases at the rate of 72 in?/sec. At what rate 
is the cube’s volume changing when the edge length is x = 3 in? 


Volume The radius r and height / of a right circular cylinder 
are related to the cylinder’s volume V by the formula V = mr7h. 


a. How is dV/dt related to dh/dt if r is constant? 
b. How is dV/dt related to dr/dt if h is constant? 


c. How is dV/dt related to dr/dt and dh/dt if neither r nor h is 
constant? 


Volume The radius r and height h of a right circular cone are 
related to the cone’s volume V by the equation V = (1/3)ar7h. 


a. How is dV/dt related to dh/dt if r is constant? 
b. How is dV/dt related to dr/dt if h is constant? 


c. How is dV/dt related to dr/dt and dh/dt if neither r nor h is 
constant? 


Changing voltage The voltage V (volts), current / (amperes), 
and resistance R (ohms) of an electric circuit like the one shown 
here are related by the equation V = JR. Suppose that V is 
increasing at the rate of 1 volt/sec while / is decreasing at the 
rate of 1/3 amp/sec. Let ¢ denote time in seconds. 


£0 


R 


What is the value of dV/dt? 
. What is the value of dl/dt? 
What equation relates dR/dt to dV/dt and dI/dt? 


. Find the rate at which R is changing when V = 12 volts and 
I = 2 amps. Is R increasing, or decreasing? 


aes p 


Electrical power The power P (watts) of an electric circuit is 

related to the circuit’s resistance R (ohms) and current / (amperes) 

by the equation P = RI’. 

a. How are dP/dt, dR/dt, and dI/dt related if none of P, R, and 
TZ are constant? 

b. How is dR/dt related to dI/dt if P is constant? 


Distance Let x and y be differentiable functions of t and let 

s = Vx? + y* be the distance between the points (x,0) and 

(0, y) in the xy-plane. 

a. How is ds/dt related to dx/dt if y is constant? 

b. How is ds/dt related to dx/dt and dy/dt if neither x nor y is 
constant? 

c. How is dx/dt related to dy/dt if s is constant? 


Diagonals If x, y, and z are lengths of the edges of a rectangular 
box, the common length of the box’s diagonals is s = 


Vie + y +27, 


19. 


20. 


21. 


22. 


23. 


24. 
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a. Assuming that x, y, and z are differentiable functions of f, 
how is ds/dt related to dx/dt, dy/dt, and dz/dt? 


b. How is ds/dt related to dy/dt and dz/dt if x is constant? 
c. How are dx/dt, dy/dt, and dz/dt related if s is constant? 


Area The area A of a triangle with sides of lengths a and b 
enclosing an angle of measure @ is 


eee 
A= absin 0. 


a. How is dA/dt related to d0/dt if a and b are constant? 
b. How is dA/dr related to d0/dt and da/dt if only b is constant? 


c. How is dA/dt related to d0/dt, da/dt, and db/dt if none of 
a, b, and 6 are constant? 


Heating a plate When a circular plate of metal is heated in an 
oven, its radius increases at the rate of 0.01 cm/min. At what rate 
is the plate’s area increasing when the radius is 50 cm? 


Changing dimensions in a rectangle The length / of a rectan- 
gle is decreasing at the rate of 2 cm/sec while the width w is 
increasing at the rate of 2cm/sec. When / = 12cm and 
w = 5cm, find the rates of change of (a) the area, (b) the perim- 
eter, and (c) the lengths of the diagonals of the rectangle. Which 
of these quantities are decreasing, and which are increasing? 


Changing dimensions in a rectangular box Suppose that the 
edge lengths x, y, and z of a closed rectangular box are changing 
at the following rates: 

dy dz 
= | m/sec, a —2 m/sec, a 1 m/sec. 
Find the rates at which the box’s (a) volume, (b) surface area, and 
(c) diagonal length s = Vx? + y* + 2? are changing at the 
instant when x = 4, y = 3, and z = 2. 


dx 
dt 


A sliding ladder A 13-ft ladder is leaning against a house when 
its base starts to slide away (see accompanying figure). By the 
time the base is 12 ft from the house, the base is moving at the 
rate of 5 ft/sec. 


a. How fast is the top of the ladder sliding down the wall then? 


b. At what rate is the area of the triangle formed by the ladder, 
wall, and ground changing then? 


c. At what rate is the angle 0 between the ladder and the ground 
changing then? 


13-ft ladder 


=> 
0 x(t) 


Commercial air traffic Two commercial airplanes are flying 
at an altitude of 40,000 ft along straight-line courses that intersect 
at right angles. Plane A is approaching the intersection point at a 
speed of 442 knots (nautical miles per hour; a nautical mile is 
2000 yd). Plane B is approaching the intersection at 481 knots. At 
what rate is the distance between the planes changing when A is 5 
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25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


nautical miles from the intersection point and B is 12 nautical 
miles from the intersection point? 


Flying a kite A girl flies a kite at a height of 300 ft, the wind car- 
rying the kite horizontally away from her at a rate of 25 ft/sec. How 
fast must she let out the string when the kite is 500 ft away from her? 


Boring a cylinder The mechanics at Lincoln Automotive are 
reboring a 6-in.-deep cylinder to fit a new piston. The machine 
they are using increases the cylinder’s radius one-thousandth of 
an inch every 3 min. How rapidly is the cylinder volume increas- 
ing when the bore (diameter) is 3.800 in.? 


A growing sand pile Sand falls from a conveyor belt at the rate 
of 10 m3/min onto the top of a conical pile. The height of the pile 
is always three-eighths of the base diameter. How fast are the (a) 
height and (b) radius changing when the pile is 4 m high? Answer 
in centimeters per minute. 


A draining conical reservoir Water is flowing at the rate of 
50 m?/min from a shallow concrete conical reservoir (vertex 
down) of base radius 45 m and height 6 m. 


a. How fast (centimeters per minute) is the water level falling 
when the water is 5 m deep? 


b. How fast is the radius of the water’s surface changing then? 
Answer in centimeters per minute. 


A draining hemispherical reservoir Water is flowing at the 
rate of 6 m?/min from a reservoir shaped like a hemispherical bowl 
of radius 13 m, shown here in profile. Answer the following ques- 
tions, given that the volume of water in a hemispherical bowl of 
radius R is V = (a /3)y*(3R — y) when the water is y meters deep. 


Center of sphere 


Water level 


a. At what rate is the water level changing when the water is 
8 m deep? 


b. What is the radius r of the water’s surface when the water is 
ym deep? 
c. At what rate is the radius r changing when the water is 8 m deep? 


A growing raindrop Suppose that a drop of mist is a perfect 
sphere and that, through condensation, the drop picks up moisture 
at a rate proportional to its surface area. Show that under these 
circumstances the drop’s radius increases at a constant rate. 


The radius of an inflating balloon A spherical balloon is 
inflated with helium at the rate of 1007 ft?/min. How fast is the 
balloon’s radius increasing at the instant the radius is 5 ft? How 
fast is the surface area increasing? 

Hauling in a dinghy A dinghy is pulled toward a dock by a 
rope from the bow through a ring on the dock 6 ft above the bow. 
The rope is hauled in at the rate of 2 ft/sec. 


a. How fast is the boat approaching the dock when 10 ft of rope 
are out? 

b. At what rate is the angle 6 changing at this instant (see the 
figure)? 


Ring at edge 
of dock 


33. A balloon and a bicycle A balloon is rising vertically above a 


level, straight road at a constant rate of 1 ft/sec. Just when the 
balloon is 65 ft above the ground, a bicycle moving at a constant 
rate of 17 ft/sec passes under it. How fast is the distance s(t) 
between the bicycle and balloon increasing 3 sec later? 


By 


y@ 


s(t) 


=> >Xx 
x(t) 


34. Making coffee Coffee is draining from a conical filter into a 


cylindrical coffeepot at the rate of 10 in? /min. 


a. How fast is the level in the pot rising when the coffee in the 
cone is 5 in. deep? 


b. How fast is the level in the cone falling then? 


How fast 
is this 
level falling? 


How fast 
is this 


Pieieg 6" a level rising? 


35. 


36. 


37. 


38. 


Cardiac output In the late 1860s, Adolf Fick, a professor of 
physiology in the Faculty of Medicine in Wiirzberg, Germany, 
developed one of the methods we use today for measuring how 
much blood your heart pumps in a minute. Your cardiac output as 
you read this sentence is probably about 7 L/min. At rest it is 
likely to be a bit under 6 L/min. If you are a trained marathon 
runner running a marathon, your cardiac output can be as high as 


30 L/min. 
Your cardiac output can be calculated with the formula 
_2 
yy D’ 


where Q is the number of milliliters of CO, you exhale in a minute 
and D is the difference between the CO, concentration (ml/L) in 
the blood pumped to the lungs and the CO, concentration in the 
blood returning from the lungs. With Q = 233 ml/min and 
D = 97 — 56 = 41 ml/L, 


233 ml/min 


4 ml/L = 5.68 L/min, 


x 
fairly close to the 6 L/min that most people have at basal (rest- 
ing) conditions. (Data courtesy of J. Kenneth Herd, M.D., Quillan 
College of Medicine, East Tennessee State University.) 

Suppose that when Q = 233 and D = 41, we also know 
that D is decreasing at the rate of 2 units a minute but that Q 
remains unchanged. What is happening to the cardiac output? 


Moving along a parabola A particle moves along the parabola 
y = x? in the first quadrant in such a way that its x-coordinate 
(measured in meters) increases at a steady 10 m/sec. How fast is 
the angle of inclination 6 of the line joining the particle to the 
origin changing when x = 3 m? 

Motion in the plane The coordinates of a particle in the metric 
xy-plane are differentiable functions of time ¢ with dx/dt= 
—1 m/sec and dy/dt = —5 m/sec. How fast is the particle’s dis- 


tance from the origin changing as it passes through the point 
(5, 12)? 


Videotaping a moving car You are videotaping a race from a 
stand 132 ft from the track, following a car that is moving at 
180 mi/h (264 ft/sec), as shown in the accompanying figure. 
How fast will your camera angle 0 be changing when the car is 
right in front of you? A half second later? 


a 
Camera % 
& 


=e 


132% 


39. 


40. 


41. 


42. 


43. 
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A moving shadow A light shines from the top of a pole 50 ft 
high. A ball is dropped from the same height from a point 30 ft 
away from the light. (See accompanying figure.) How fast is the 
shadow of the ball moving along the ground 1/2 sec later? 
(Assume the ball falls a distance s = 1677 ft in tsec.) 


«> Ball at time t = 0 


1/2 sec later 
50-ft 
pole 
F Shadow 
Se > 
0 30 om xj 


A building’s shadow Ona morning of a day when the sun will 
pass directly overhead, the shadow of an 80-ft building on level 
ground is 60 ft long. At the moment in question, the angle 6 the 
sun makes with the ground is increasing at the rate of 0.27°/min. 
At what rate is the shadow decreasing? (Remember to use radians. 
Express your answer in inches per minute, to the nearest tenth.) 


A melting ice layer A spherical iron ball 8 in. in diameter is 
coated with a layer of ice of uniform thickness. If the ice melts at 
the rate of 10 in*/min, how fast is the thickness of the ice 
decreasing when it is 2 in. thick? How fast is the outer surface 
area of ice decreasing? 


Highway patrol A highway patrol plane flies 3 mi above a 
level, straight road at a steady 120 mi/h. The pilot sees an 
oncoming car and with radar determines that at the instant the 
line-of-sight distance from plane to car is 5 mi, the line-of-sight 
distance is decreasing at the rate of 160 mi/h. Find the car’s 
speed along the highway. 


Baseball players A baseball diamond is a square 90 ft on a 
side. A player runs from first base to second at a rate of 16 ft/sec. 


a. At what rate is the player’s distance from third base changing 
when the player is 30 ft from first base? 


b. At what rates are angles 6, and 6 (see the figure) changing 
at that time? 
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c. The player slides into second base at the rate of 15 ft/sec. At 44. Ships Two ships are steaming straight away from a point O 
what rates are angles 6, and @) changing as the player along routes that make a 120° angle. Ship A moves at 14 knots 
touches base? (nautical miles per hour; a nautical mile is 2000 yd). Ship B 


moves at 21 knots. How fast are the ships moving apart when 
OA = 5 and OB = 3 nautical miles? 


45. Clock’s moving hands At what rate is the angle between a 
clock’s minute and hour hands changing at 4 o’clock in the after- 
noon? 


46. Oil spill An explosion at an oil rig located in gulf waters causes 
an elliptical oil slick to spread on the surface from the rig. The slick 
is a constant 9 in. thick. After several days, when the major axis of 
the slick is 2 mi long and the minor axis is 3/4 mi wide, it is deter- 
mined that its length is increasing at the rate of 30 ft/hr, and its 
width is increasing at the rate of 10 ft/hr. At what rate (in cubic feet 
per hour) is oil flowing from the site of the rig at that time? 


3. 1 1 Linearization and Differentials 


Sometimes we can approximate complicated functions with simpler ones that give the 
accuracy we want for specific applications and are easier to work with. The approximating 
functions discussed in this section are called linearizations, and they are based on tangent 
lines. Other approximating functions, such as polynomials, are discussed in Chapter 10. 
We introduce new variables dx and dy, called differentials, and define them in a way that 
makes Leibniz’s notation for the derivative dy/dx a true ratio. We use dy to estimate error in 
measurement, which then provides for a precise proof of the Chain Rule (Section 3.6). 


Linearization 


As you can see in Figure 3.50, the tangent to the curve y = x” lies close to the curve near 
the point of tangency. For a brief interval to either side, the y-values along the tangent line 


0 
y = x’ and its tangent y = 2x — 1 at (1, 1). Tangent and curve very close near (1, 1). 
1.003 
0.8 0.997 : 1.003 
0.997 
Tangent and curve very close throughout Tangent and curve closer still. Computer 
entire x-interval shown. screen cannot distinguish tangent from 


curve on this x-interval. 


FIGURE 3.50 The more we magnify the graph of a function near a point where the func- 
tion is differentiable, the flatter the graph becomes and the more it resembles its tangent. 


y y=fa) 


Slope = f'(a) 


(a, f(a) 


0 a 


FIGURE 3.51 The tangent to the 
curve y = f(x) atx = ais the line 


Lx) = f@ + f'(@& — a). 
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give good approximations to the y-values on the curve. We observe this phenomenon by 
zooming in on the two graphs at the point of tangency or by looking at tables of values for 
the difference between f(x) and its tangent line near the x-coordinate of the point of tan- 
gency. The phenomenon is true not just for parabolas; every differentiable curve behaves 
locally like its tangent line. 

In general, the tangent to y = f(x) at a point x = a, where f is differentiable 
(Figure 3.51), passes through the point (a, f(a)), so its point-slope equation is 


y= f@ + f'(@a — a). 
Thus, this tangent line is the graph of the linear function 
L(x) = f(a) + f(@@ — a). 


For as long as this line remains close to the graph of f as we move off the point of tan- 
gency, L(x) gives a good approximation to f(x). 


DEFINITIONS — If f is differentiable at x = a, then the approximating function 
L(x) = fla) + f'(ayx — a) 
is the linearization of f at a. The approximation 
f@) ~ L(x) 


of f by Lis the standard linear approximation of f at a. The point x = a is the 
center of the approximation. 


EXAMPLE 1 Find the linearization of f(x) = V1 + x atx = 0 (Figure 3.52). 


0.9 ! 
—0.1 0 0.1 0.2 
FIGURE 3.52 The graph of y = V1 + x and its linear- FIGURE 3.53 Magnified view of the 
izations at x = 0 and x = 3. Figure 3.53 shows a magni- window in Figure 3.52. 


fied view of the small window about 1 on the y-axis. 


Solution Since 
fo) = 50 + ay", 


we have f(0) = 1 and f’(0) = 1/2, giving the linearization 


La) = fla) + f'@a - a) =1+F@-0)=14+% 


See Figure 3.53. a 


The following table shows how accurate the approximation V1 + x ~ 1 + («/2) 
from Example | is for some values of x near 0. As we move away from zero, we lose 
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y 


>X 


¥ = COS X 


FIGURE 3.54 The graph of f(x) = cos x 
and its linearization at x = 7/2. Near 

x = 7/2,cosx ~ —x + (7/2) 

(Example 3). 


accuracy. For example, for x = 2, the linearization gives 2 as the approximation for V3, 
which is not even accurate to one decimal place. 


Approximation True value —| True value — approximation | 
V12=1+ o2 = 1.10 1.095445 0.004555 < 10° 
V1.05 = 1+ ee = 1.025 1.024695 0.000305 < 10° 
V1.005 ~ 1+ oe = 1.00250 1.002497 0.000003 < 10° 


Do not be misled by the preceding calculations into thinking that whatever we do with 
a linearization is better done with a calculator. In practice, we would never use a lineariza- 
tion to find a particular square root. The utility of a linearization is its ability to replace a 
complicated formula by a simpler one over an entire interval of values. If we have to work 
with V1 + x for x close to 0 and can tolerate the small amount of error involved, we can 
work with 1 + (x/2) instead. Of course, we then need to know how much error there is. 
We further examine the estimation of error in Chapter 10. 

A linear approximation normally loses accuracy away from its center. As Figure 3.52 
suggests, the approximation V1 + x ~ | + (x/2) will probably be too crude to be use- 
ful near x = 3. There, we need the linearization at x = 3. 


EXAMPLE 2 Find the linearization of f(x) = V1 + x atx = 3. 


Solution We evaluate the equation defining L(x) at a = 3. With 


fQ)=2,  f@)=Z0 +377) =F, 
x=3 
we have 
1 ~3,% 
Lyx) =2 + ge 3) ata | 
At x = 3.2, the linearization in Example 2 gives 
Vitx=V1+32 = 2+ 32 = 1.250 + 0.800 = 2.050, 


which differs from the true value V4.2 ~ 2.04939 by less than one one-thousandth. The 
linearization in Example 1 gives 


ViFx=ViF32~14+2%=14+16= 26, 


a result that is off by more than 25%. 
EXAMPLE 3 Find the linearization of f(x) = cos x at x = m/2 (Figure 3.54). 


Solution Since f(a /2) = cos(a7/2) = 0, f(x) = —sin x, and f'(7/2) = —sin(a7/2) = 
—1, we find the linearization at a = 7/2 to be 


L(x) = f(a) + f'(@e@ — a) 


=0+4+(¢ (x z) 


Approximations Near x = 0 


Vi+x 
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An important linear approximation for roots and powers is 


dQ+txt~1t+k (x near 0; any number k) 


(Exercise 15). This approximation, good for values of x sufficiently close to zero, has 
broad application. For example, when x is small, 


Vie ees k=1/2 


2 
= t =(1- xy! =14+(ClCx=1+%x k = —1; replace x by —x. 
W1 + 5x4 = (1+ iad wie =1t+ 35x") =1+ 24 k = 1/3; replace x by 5x*. 
ae a oe _1\-.2) = 1, k= =1/2; 
V1 — 2 = (1 x) ee ae 2 x)= 1+ 5x replace x by —x?. 


Differentials 


We sometimes use the Leibniz notation dy/dx to represent the derivative of y with respect 
to x. Contrary to its appearance, it is not a ratio. We now introduce two new variables dx 
and dy with the property that when their ratio exists, it is equal to the derivative. 


DEFINITION Let y = f(x) bea differentiable function. The differential dx is an 
independent variable. The differential dy is 


dy = f'(x) dx. 


Unlike the independent variable dx, the variable dy is always a dependent variable. It 
depends on both x and dx. If dx is given a specific value and x is a particular number in the 
domain of the function f, then these values determine the numerical value of dy. Often the 
variable dx is chosen to be Ax, the change in x. 


EXAMPLE 4 
(a) Find dy if y = x° + 37x. 
(b) Find the value of dy when x = | and dx = 0.2. 
Solution 
(a) dy = (5x* + 37) dx 
(b) Substituting x = 1 and dx = 0.2 in the expression for dy, we have 
dy = (5°14 + 37)0.2 = 8.4. | 


The geometric meaning of differentials is shown in Figure 3.55. Let x = a and set 
dx = Ax. The corresponding change in y = f(x) is 


Ay = f(a + dx) — f(a. 
The corresponding change in the tangent line L is 
AL = L(a + dx) — L(a) 
= f@ + f'@[@ + dx) — a] — f@ 
ee 
L(a + dx) L(a) 
= f'(a)dx. 
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n y=f@) 


(a + dx, f(a + dx)) 


Ay = fla + dx) — f(a) 


AL = f'(a)dx 


When dx is a small change in x, 
the corresponding change in 


Tangent ; Site : 
° the linearization is precisely dy. 


line 


| 
I 
| 
| 
| 
} 
I 
- >Xx 
a at dx 


0 


FIGURE 3.55 Geometrically, the differential dy is the change 
AL in the linearization of f when x = a changes by an amount 
dx = Ax. 


That is, the change in the linearization of f is precisely the value of the differential dy 
when x = a and dx = Ax. Therefore, dy represents the amount the tangent line rises or 
falls when x changes by an amount dx = Ax. 
If dx # O, then the quotient of the differential dy by the differential dx is equal to the 
derivative f'(x) because 
fide. _ dy 
dx Fe) dx’ 


dy + dx 


We sometimes write 
df = f'(x) dx 


in place of dy = f'(x) dx, calling df the differential of f. For instance, if f(x) = 3x* — 6, 
then 


df = dx? — 6) = 6x dx. 


Every differentiation formula like 


dtu + v)_ du, dv d(sin u) = du 
dx dx dx or dx i dx 


has a corresponding differential form like 


dtu + v) = du + dv or d(sin u) = cos u du. 


EXAMPLE 5 We can use the Chain Rule and other differentiation rules to find differ- 
entials of functions. 


(a) d(tan 2x) = sec?(2x) d(2x) = 2sec? 2x dx 


(b) a( x ja a dx 
41 (x + 1? (x + 1? G+ 1yP 


Estimating with Differentials 


Suppose we know the value of a differentiable function f(x) at a point a and want to esti- 
mate how much this value will change if we move to a nearby point a + dx. If dx = Ax is 
small, then we can see from Figure 3.55 that Ay is approximately equal to the differential 
dy. Since 


f(a + dx) = f(a) + Ay, Ag = de 


LAA = dA = 27a dr 


FIGURE 3.56 When dr is 
small compared with a, the 
differential dA gives the estimate 
A(a + dr) = 7a? + dA 
(Example 6). 
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the differential approximation gives 


fla + dx) ~ f(a) + dy 


when dx = Ax. Thus the approximation Ay ~ dy can be used to estimate f(a + dx) 


when f(a) is known, dx is small, and dy = f'(a)dx. 


EXAMPLE 6 The radius r of a circle increases from a = 10 m to 10.1 m (Figure 3.56). 
Use dA to estimate the increase in the circle’s area A. Estimate the area of the enlarged 
circle and compare your estimate to the true area found by direct calculation. 


Solution Since A = wr?, the estimated increase is 
dA = A'(a) dr = 27a dr = 27(10)(0.1) = 27 m’. 
Thus, since A(r + Ar) ~ A(r) + dA, we have 
ACO + 0.1) ~ AO) + 2a 
= w(10)2 + 2a = 102m. 


The area of a circle of radius 10.1 m is approximately 1027 m/?. 
The true area is 


A(10.1) = (10.1)? 
= 102.017 m?. 


The error in our estimate is 0.017 m2, which is the difference AA — dA. 


EXAMPLE 7 Use differentials to estimate 
(a) 7.9713 
(b) sin (7/6 + 0.01). 


Solution 
(a) The differential associated with the cube root function y = x'/? is 


1 


= aon 


dy 


We set a = 8, the closest number near 7.97 where we can easily compute f(a) and 
f'(a). To arrange that a + dx = 7.97, we choose dx = —0.03. Approximating with 


the differential gives 


f(7.97) = fla + dx) = f(a) + dy 


1 


= gI/3 4 
3(8)2/3 


(—0.03) 


1 - 
=2+ 12! 0.03) = 1.9975 


This gives an approximation to the true value of 7.97'/3, which is 1.997497 to 6 decimals. 


(b) The differential associated with y = sin x is 


dy = cos x dx. 
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sin(a + dx) ~ sina + (cos a)dx 


To estimate sin (77/6 + 0.01), we set a = 7/6 and dx = 0.01. Then 
f(w/6 + 0.01) = f(a + dx) = f(@ + dy 


_ 7 7 
sin + (cos z) (0.01) 


= 4 rs Boor) ~ 0.5087 


For comparison, the true value of sin (77/6 + 0.01) to 6 decimals is 0.508635. | 


The method in part (b) of Example 7 is used by some calculator and computer algo- 
rithms to give values of trigonometric functions. The algorithms store a large table of sine 
and cosine values between 0 and 7/4. Values between these stored values are computed 
using differentials as in Example 7b. Values outside of [ 0, 7/4] are computed from val- 
ues in this interval using trigonometric identities. 


Error in Differential Approximation 
Let f(x) be differentiable at x = a and suppose that dx = Ax is an increment of x. We 


have two ways to describe the change in f as x changes from ato a + Ax: 


The true change: Af = f(a + Ax) — f@ 
The differential estimate: df = f'(@ Ax. 
How well does df approximate Af? 
We measure the approximation error by subtracting df from Af: 
Approximation error = Af — df 
= Af — f'(@Ax 
= fla + Ax) — f(a) — f'@Ax 
a nS 
Af 


omer KD 


Call this part e. 


= €+ Ax. 


As Ax — 0, the difference quotient 


f(a + Ax) — f@ 
Ax 


approaches f’(a) (remember the definition of f’(a)), so the quantity in parentheses 
becomes a very small number (which is why we called it €). In fact, e > 0 as Ax—0. 
When Ax is small, the approximation error e Ax is smaller still. 


Af = f'(@Ax + € Ax 
ee a eae Cee ae ee 
true estimated error 


change change 


Although we do not know the exact size of the error, it is the product e+ Ax of two small 
quantities that both approach zero as Ax — 0. For many common functions, whenever Ax 
is small, the error is still smaller. 
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Change in y = f(x) near x = a 
If y = f(x) is differentiable at x = a and x changes from a to a + Ax, the 
change Ay in f is given by 


Ay = f'(a) Ax + € Ax (1) 


in which e ~0 as Ax— 0. 


In Example 6 we found that 


AA = (10.1)? — 7(10)? = (102.01 — 100)7 = (27 + 0.0177) m? 
Svat 


dA error 


so the approximation error is AA — dA = eAr=0.0lm7 and ¢€ = 0.01l7/Ar= 
0.017 /0.1 = 0.17 m. 


Proof of the Chain Rule 


Equation (1) enables us to prove the Chain Rule correctly. Our goal is to show that if f(u) 
is a differentiable function of u and u = g(x) is a differentiable function of x, then the 
composite y = f(g(x)) is a differentiable function of x. Since a function is differentiable if 
and only if it has a derivative at each point in its domain, we must show that whenever g is 
differentiable at xy and f is differentiable at g(x9), then the composite is differentiable at 
Xo and the derivative of the composite satisfies the equation 


dy 
a. = f'(g(%o)) * g' (Xo). 


dx) x =X 


Let Ax be an increment in x and let Au and Ay be the corresponding increments in u 
and y. Applying Equation (1) we have 


Au = g'(xp)Ax + €, Ax = (g'(%) + €,)Ax, 
where €; 0 as Ax — 0. Similarly, 
Ay = f'(up)Au + €, Au = (f'(up) + €2)Au, 


where €, > 0 as Au — 0. Notice also that Au — 0 as Ax — 0. Combining the equations 
for Au and Ay gives 


Ay = (f’(o) + €2)(g'(%) + €) Ax, 
so 


A 
- = f'(uo)g' (Xo) + €28'(%o) + Ff’ (upler + €2€1. 


Since €, and € go to zero as Ax goes to zero, the last three terms on the right vanish in 
the limit, leaving 


dy ee pee ee eee ; 
Tile, > MM ~ Ff Wod8'Go) = F'BG0)) + 8’): a 
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Sensitivity to Change 


The equation df = f’(x) dx tells how sensitive the output of f is to a change in input at dif- 
ferent values of x. The larger the value of f’ at x, the greater the effect of a given change dx. 
As we move from a to a nearby point a + dx, we can describe the change in f in three ways: 


True Estimated 
Absolute change Af = f(a + dx) — f@ df = f'(a)dx 
Relative change a Ae 
Percentage change a x 100 a x 100 


EXAMPLE 8 You want to calculate the depth of a well from the equation s = 1627 by 
timing how long it takes a heavy stone you drop to splash into the water below. How sensi- 
tive will your calculations be to a 0.1-sec error in measuring the time? 


Solution The size of ds in the equation 
ds = 32tdt 
depends on how big tis. If t = 2 sec, the change caused by dt = 0.1 is about 
ds = 32(2)(0.1) = 6.4 ft. 
Three seconds later at t = 5 sec, the change caused by the same df is 
ds = 32(5)(0.1) = 16 ft. 


For a fixed error in the time measurement, the error in using ds to estimate the depth is 
larger when it takes a longer time before the stone splashes into the water. That is, the esti- 
mate is more sensitive to the effect of the error for larger values of tf. | 


EXAMPLE 9 Newton’s second law, 


du 
dt 


d 
FH an) = m— = ma, 


is stated with the assumption that mass is constant, but we know this is not strictly true 
because the mass of an object increases with velocity. In Einstein’s corrected formula, 
mass has the value 


V1 = v2/c? 


where the “rest mass” mp represents the mass of an object that is not moving and c is the 
speed of light, which is about 300,000 km/sec. Use the approximation 


! a14+42 


V1 — x 2 


to estimate the increase Am in mass resulting from the added velocity v. 


(2) 


Solution When v is very small compared with c, v/c’ is close to zero and it is safe to 
use the approximation 


eis ee 1(v? —— 
V1 = 2/2 1+4(4) Eq. (2) with x = & 


Exercises 


Finding Linearizations 


In Exercises 1-5, find the linearization L(x) of f(x) at x = a. 
1. f) =x -2x +3, a=2 


fay =x 44, a=1 
fx) = Wx, a= -8 


f@) =tanx, a= 7 


Aw fF YS NH 


f®~) = Vx4+9, a=-4 


Common linear approximations at x = 0 Find the lineariza- 
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to obtain 
Mo ao 1 vw _ 2 1 
ue i—-v/e m] 1+ 5(%)) egy (3). 
or 
1 1 
m ~ m + zmov (4) (3) 
Equation (3) expresses the increase in mass that results from the added velocity v. a 


Converting Mass to Energy 


Equation (3) derived in Example 9 has an important interpretation. In Newtonian physics, 
(1/2) mov is the kinetic energy (KE) of the object, and if we rewrite Equation (3) in the 
form 


(m — mo) Cus Fmgv”, 
we see that 
(m — m)c? = ve = Liisi 1 i (OY? = A(KE), 
2 2 2 
or 


(Am)c? ~ A(KE). 


So the change in kinetic energy A(KE) in going from velocity 0 to velocity v is approxi- 
mately equal to (Am) c’, the change in mass times the square of the speed of light. Using 
c ~ 3 X 10° m/sec, we see that a small change in mass can create a large change in 
energy. 


12. fe) = > e=13 


13. f~) =e*, a=—0.1 
14. f(x) = sin!x, a= 7/12 


15. Show that the linearization of f(x) = (1 + x) at x =0 is 
Lax) = 1+ kx. 


16. Use the linear approximation (1 + x)* ~ 1 + kx to find an 
approximation for the function f(x) for values of x near zero. 


tions of the following functions at x = 0. 
a. sinx b. cos x c. tan x d. e* e. In(1 + x) 
Linearization for Approximation 


In Exercises 7-14, find a linearization at a suitably chosen integer near 
a at which the given function and its derivative are easy to evaluate. 


7. fw~ =x 4+ 2x, a=01 

8 fa =x, a=0.9 

9. f(x) = 2x7 + 3x - 3, a= -0.9 
0. 7Q)= 1%. a= hi 

1. f@® = Wx, a= 8.5 


a. f(x) = (1 - b. fa) = 72 
ce f(x) = a d. f(@®) = V2 +x 


e fi) = (44 3n!8 


2 
f. f(x) = (1 at :) 


17. Faster than a calculator Use the approximation (1 + x) ~ 
1 + kx to estimate the following. 


a. (1.0002)°° b. 1.009 


18. Find the linearization of f(x) = Vx + 1+ sinxatx = 0. How 
is it related to the individual linearizations of Vx + 1 and sin x 
at x = 0? 
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Derivatives in Differential Form 
In Exercises 19-38, find dy. 


19. y= x3 — 3Vx 20. y=xVI— 2 
2x 2Vx 
21. — 22. aah eat — a 
ew Tee ¥ 30 + Vx) 
23. 2y? + xy —x = 24, xy? — 4x92? —y = 0 
25. y = sin (SVx) 26. y = cos (x’) 
27. y = 4tan (x7/3) 28. y = sec (x7 — 1) 
29. y = 3csc(1 — 2Vx) 30. y= 2e0( J.) 
31. yee 32. y = xe* 
cH 
33. y=In(l + x4) 54 sin (z+) 
Vx=- 1 
35. y = tan '(e) 36. y = cot! (4) + cos! 2x 
37. y = sec !(e*) 38. y = em 'VEtT 


Approximation Error 
In Exercises 39-44, each function f(x) changes value when x changes 
from Xp to xy + dx. Find 


39. 
40. 
41. 
42. 
43. 
44. 


a. the change Af = f(x + dx) — f(x); 
b. the value of the estimate df = f'(xo) dx; and 


c. the approximation error | Af — df]. 


y 
* y =f) 
t 
: Af = fxg + dx) — fxg) 
(xo, f(Xo)) df ie f(x) dx 
| dx 
Tangent ! ! 
0 Xo Xq + dx ea 
f) = + 2x, mM = 1, de = 01 
f(x) = 2x7 + 4x -3, xy =-1, dk =01 
f~=xe-x xm =1, de =01 


f@ =x, x» =1, de =0.1 
f@) =x, x» =05, dx = 0.1 
fi) = - 2x4 3, x =2, de = 0.1 


Differential Estimates of Change 
In Exercises 45-50, write a differential formula that estimates the 
given change in volume or surface area. 


45. 


46. 


47. 


48. 


The change in the volume V = (4/3)ar? of a sphere when the 
radius changes from 7% to 7% + dr 


The change in the volume V = x? of a cube when the edge 
lengths change from xp to x) + dx 


The change in the surface area S = 6x? of a cube when the edge 
lengths change from Xp to x) + dx 


The change in the lateral surface area S = arVr? + Fr? of aright 
circular cone when the radius changes from 7 to 7% + dr and the 
height does not change 


49. 


50. 


The change in the volume V = ar7A of a right circular cylinder 
when the radius changes from 7% to 7% + dr and the height does 
not change 


The change in the lateral surface area § = 2arh of a right circu- 
lar cylinder when the height changes from hy to hy + dh and the 
radius does not change 


Applications 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


61. 


The radius of a circle is increased from 2.00 to 2.02 m. 
a. Estimate the resulting change in area. 
b. Express the estimate as a percentage of the circle’s original area. 


The diameter of a tree was 10 in. During the following year, the 
circumference increased 2 in. About how much did the tree’s 
diameter increase? The tree’s cross-sectional area? 


Estimating volume Estimate the volume of material in a cylin- 
drical shell with length 30 in., radius 6 in., and shell thickness 0.5 in. 


: re . tite 


k—— 30 in. | 


Estimating height of a building A surveyor, standing 30 ft 
from the base of a building, measures the angle of elevation to the 
top of the building to be 75°. How accurately must the angle be 
measured for the percentage error in estimating the height of the 
building to be less than 4%? 


The radius r of a circle is measured with an error of at most 2%. 
What is the maximum corresponding percentage error in comput- 
ing the circle’s 


a. circumference? b. area? 


The edge x of a cube is measured with an error of at most 0.5%. 
What is the maximum corresponding percentage error in comput- 
ing the cube’s 


a. surface area? b. volume? 


Tolerance The height and radius of a right circular cylinder are 
equal, so the cylinder’s volume is V = wh>. The volume is to be 
calculated with an error of no more than 1% of the true value. 
Find approximately the greatest error that can be tolerated in the 
measurement of h, expressed as a percentage of h. 


Tolerance 


a. About how accurately must the interior diameter of a 
10-m-high cylindrical storage tank be measured to calculate 
the tank’s volume to within 1% of its true value? 


b. About how accurately must the tank’s exterior diameter be 
measured to calculate the amount of paint it will take to paint 
the side of the tank to within 5% of the true amount? 


The diameter of a sphere is measured as 100 + 1 cm and the 
volume is calculated from this measurement. Estimate the per- 
centage error in the volume calculation. 

Estimate the allowable percentage error in measuring the diameter D 
of a sphere if the volume is to be calculated correctly to within 3%. 
The effect of flight maneuvers on the heart The amount of 
work done by the heart’s main pumping chamber, the left ventri- 
cle, is given by the equation 


Viv? 


W=PV+ 2¢ 


> 


where W is the work per unit time, P is the average blood pres- 
sure, Vis the volume of blood pumped out during the unit of time, 
6 (“delta”) is the weight density of the blood, v is the average 
velocity of the exiting blood, and g is the acceleration of gravity. 
When P, V, 6, and v remain constant, W becomes a function 


of g, and the equation takes the simplified form 


W=at 4 (a, b constant). 


As a member of NASA’s medical team, you want to know how 
sensitive W is to apparent changes in g caused by flight maneuvers, 
and this depends on the initial value of g. As part of your investiga- 
tion, you decide to compare the effect on W of a given change dg 
on the moon, where g = 5.2 ft/ sec”, with the effect the same 
change dg would have on Earth, where g = 32 ft/sec”. Use the 


simplified equation above to find the ratio of dWygon tO dWearth- 


62. Drug concentration The concentration C in milligrams per 
milliliter (mg/ml) of a certain drug in a person’s bloodstream t 


hrs after a pill is swallowed is modeled by the approximation 


At e006 
1+7 


C(t) = 1+ 


Estimate the change in concentration when ¢ changes from 20 to 


30 min. 


63. Unclogging arteries The formula V = kr‘, discovered by the 
physiologist Jean Poiseuille (1797-1869), allows us to predict how 
much the radius of a partially clogged artery has to be expanded in 
order to restore normal blood flow. The formula says that the vol- 
ume V of blood flowing through the artery in a unit of time at a 
fixed pressure is a constant k times the radius of the artery to the 


fourth power. How will a 10% increase in r affect V? 


64. Measuring acceleration of gravity When the length L of a 
clock pendulum is held constant by controlling its temperature, 
the pendulum’s period T depends on the acceleration of gravity g. 
The period will therefore vary slightly as the clock is moved from 
place to place on the earth’s surface, depending on the change in 
g. By keeping track of AT, we can estimate the variation in g 


from the equation T = 2a(L/g)!/? that relates 7, g, and L. 


a. With L held constant and g as the independent variable, cal- 
culate dT and use it to answer parts (b) and (c). 


b. If g increases, will T increase or decrease? Will a pendulum 
clock speed up or slow down? Explain. 


ce. Aclock with a 100-cm pendulum is moved from a location 


where g = 980 cm/sec? to a new location. This increases the 
period by dT = 0.001 sec. Find dg and estimate the value of 


g at the new location. 
65. Quadratic approximations 
a. Let O(x) = by + b\(x — a) + B(x — a) be a quadratic 
approximation to f(x) at x = a with the properties: 
i) Oa) = f(a) 
ii) O'(a@ = f'@ 
iii) O"(@) = fa). 


Determine the coefficients bo, b,, and b. 


b. Find the quadratic approximation to f(x) = 1/(1 — x) at 
x = 0. 


66. 


67. 


68. 
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c. Graph f(x) = 1/(1 — x) and its quadratic approximation at 
x = 0. Then zoom in on the two graphs at the point (0, 1). 
Comment on what you see. 


d. Find the quadratic approximation to g(x) = 1/x atx = 1. 
Graph g and its quadratic approximation together. Comment 
on what you see. 


e. Find the quadratic approximation to h(x) = V1 + x at 
x = 0. Graph / and its quadratic approximation together. 
Comment on what you see. 


f. What are the linearizations of f, g, and h at the respective 
points in parts (b), (d), and (e)? 

The linearization is the best linear approximation Suppose 
that y = f(x) is differentiable at x =a and that g(x) = 
m(x — a) + c isa linear function in which m and c are constants. 
If the error E(x) = f(x) — g(x) were small enough near x = a, 
we might think of using g as a linear approximation of f instead 
of the linearization L(x) = f(a) + f'(a)(x — a). Show that if we 
impose on g the conditions 


1. E(a) = 0 The approximation error is zero at x = a. 
_ Ew _ The error is negligible when compared 
2. lim 5 —@ = with x — a. 


then g(x) = f(a) + f'(@(x — a). Thus, the linearization L(x) 
gives the only linear approximation whose error is both zero at 
x = a and negligible in comparison with x — a. 


The linearization, L(x): Some other linear 
y =f(@ + f(@&— 4) approximation, g(x): 


\ y=mx-—a)+ec 


(4, f(a) 


>X 


| 
I 
| 
I 
a 


The linearization of 2* 


a. Find the linearization of f(x) = 2* at x = 0. Then round its 
coefficients to two decimal places. 


b. Graph the linearization and function together for 
=—3-=f = 3 andl = 4= 1. 


The linearization of log3x 


a. Find the linearization of f(x) = log3x at x = 3. Then round 
its coefficients to two decimal places. 


b. Graph the linearization and function together in the window 
OsSxS8and25x=4. 


COMPUTER EXPLORATIONS 

In Exercises 69-74, use a CAS to estimate the magnitude of the error 
in using the linearization in place of the function over a specified 
interval /. Perform the following steps: 


a. Plot the function f over J. 
b. Find the linearization L of the function at the point a. 


c. Plot f and L together on a single graph. 
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d. Plot the absolute error | f(x) — L(x)| over J and find its max- 
imum value. 


e. From your graph in part (d), estimate as large a 6 > O as you 
can, satisfying 


lx -—a| <6 > | f(x) -— L@| <e 


for € = 0.5, 0.1, and 0.01. Then check graphically to see if 
your 6-estimate holds true. 


f@) =x +x? -— 2x, [-1,2], 


a=1 


. What is the derivative of a function f? How is its domain related 


to the domain of f? Give examples. 


. What role does the derivative play in defining slopes, tangents, 


and rates of change? 


. How can you sometimes graph the derivative of a function when 


all you have is a table of the function’s values? 


. What does it mean for a function to be differentiable on an open 


interval? On a closed interval? 


5. How are derivatives and one-sided derivatives related? 


10. 


11. 


12. 


13. 


14. 


15. 


16. 
17. 


. Describe geometrically when a function typically does not have a 


derivative at a point. 


. How is a function’s differentiability at a point related to its conti- 


nuity there, if at all? 


. What rules do you know for calculating derivatives? Give some 


examples. 


. Explain how the three formulas 


a a ae d du 
a. dx (x") = nx’ b. ae (cu) = Ce 

d 7 du, duy ; ; du, 
Cc. dx (uy Te Ug ie ST Uu,) dx T dx T T ay 


enable us to differentiate any polynomial. 
What formula do we need, in addition to the three listed in Ques- 
tion 9, to differentiate rational functions? 
What is a second derivative? A third derivative? How many 
derivatives do the functions you know have? Give examples. 


What is the derivative of the exponential function e*? How does 
the domain of the derivative compare with the domain of the 
function? 

What is the relationship between a function’s average and instan- 
taneous rates of change? Give an example. 

How do derivatives arise in the study of motion? What can you 
learn about an object’s motion along a line by examining the 
derivatives of the object’s position function? Give examples. 
How can derivatives arise in economics? 

Give examples of still other applications of derivatives. 

What do the limits lim,—.9 ((sin 4) /h) and lim, +9 ((cos h — 1)/h) 
have to do with the derivatives of the sine and cosine functions? 
What are the derivatives of these functions? 
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71 
72 
73. 


74 


18 


19. 


20. 


21. 


22. 


23. 


24. 


25. 
26. 
27. 


28. 


29. 


30. 
31. 


32. 


33. 


—x-] 3 if 
ae ey 31, = 3 
» f@) = 2?3@ - 2), [-2,3], a=2 
7 f(x) = Vx — sinx, [0,27], a=2 
~ fe) = x2", [0,2], a=1 
. f(x) = Vxsin x, [0,1], a=5 


Questions to Guide Your Review 


. Once you know the derivatives of sin x and cos x, how can you 
find the derivatives of tan x, cot x, sec x, and csc x? What are the 
derivatives of these functions? 


At what points are the six basic trigonometric functions continu- 
ous? How do you know? 


What is the rule for calculating the derivative of a composite of 
two differentiable functions? How is such a derivative evaluated? 
Give examples. 


If uw is a differentiable function of x, how do you find (d/dx)(u") if 
nis an integer? If n is a real number? Give examples. 


What is implicit differentiation? When do you need it? Give 
examples. 


What is the derivative of the natural logarithm function In x? How 
does the domain of the derivative compare with the domain of the 
function? 


What is the derivative of the exponential function a*,a > 0 and 
a#1? What is the geometric significance of the limit of 
(a — 1)/h as h— 0? What is the limit when a is the number e? 


What is the derivative of log,x? Are there any restrictions on a? 
What is logarithmic differentiation? Give an example. 


How can you write any real power of x as a power of e? Are there 
any restrictions on x? How does this lead to the Power Rule for 
differentiating arbitrary real powers? 


What is one way of expressing the special number e as a limit? 
What is an approximate numerical value of e correct to 7 decimal 
places? 


What are the derivatives of the inverse trigonometric functions? 
How do the domains of the derivatives compare with the domains 
of the functions? 


How do related rates problems arise? Give examples. 


Outline a strategy for solving related rates problems. Illustrate 
with an example. 


What is the linearization L(x) of a function f(x) at a point x = a? 
What is required of f at a for the linearization to exist? How are 
linearizations used? Give examples. 


If x moves from a to a nearby value a + dx, how do you estimate 
the corresponding change in the value of a differentiable function 
f(x)? How do you estimate the relative change? The percentage 
change? Give an example. 
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Derivatives of Functions 
Find the derivatives of the functions in Exercises 1-64. 


1. y = x° — 0.125x7 + 0.25x 2. y = 3 — 0.7x3 + 0.3x7 


1 
= 3 4,2 2 ST a 
3. y=x 3(x* + 77°) 4. y=x Vix 7 | 
5. y= (xt 1)? + 2x) 6. y = (2x — 5\(4— xy! 
ON 2 
7. y = (@ + sec + 1) ee ee 
2 4 
Vi 1 
Xs = 10. s = 
s i Ay 0. s Sat 
11. y = 2tan*x — sec*x 12. y= a 
. . sin? x sin x 
13. s = cos*(1 — 2) 14. s = cot? (?) 
15. s = (sect + tan?) 16. s = csc\(1 — t + 39) 
17. r = V26sin@ 18. r = 20V cos 0 
19. r = sin V20 20. r = sin(o + Vo + 1) 
21. y= ix ese 2 22. y = 2Vxsin Vx 
23. y = x" sec (2x) 24. y = Vxese(x + 1) 


25. y = Scot x? 26. y = x’ cot 5x 
27. y = x? sin? (2x7) 28. y = x sin? (x) 
4t \* -1 
29, 5= 30, 5 = —__!-_ — 
. (; - :) * 1551 — 1 
2 2 
au y= (5) 32, y= (2¥4_) 
T+x 2Vx+1 
33, y=,/* + 34, y= 4xVe + VE 
x 
= sing \* _ (1+ sine) 
23: r= (=e :) ae: r= (j=) 
37. y = (2x + 1I)V2x4 1 38. y = 20(3x — 4)!4 (3x — 4y!/5 
3 . 
39. y = ——— 40. y = (3 + cos? 3x) 
J (5x2 + sin 2x)3/2 aa ) 
41. y = 10e%5 42. y = V20V% 
= 1 4x _ di Ax GO) x 
43. y qxe 16° 44. y = xe 
45. y = In(sin’6) 46. y = In (sec76) 
47. y = log, (x’/2) 48. y = log;(3x — 7) 
49, y= 87 50, y = 9% 
51. y = 5x36 52. y= V2x-V2 
53. y = («+ 2)? 54, y = 2(Inx)? 
55. y=sin'V1—-—w, 0O<u<1l 
1 
56. y = sin '(), v>1 
. Vu 
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57. y = Incos!x 

58. y= zcos!z- V1- 2 

59. y = ttan!t — Hint 

60. y = (1 + #)cot !2r 

61. y=zsec!'z-V2-1, z>1 
62. y = 2Vx — 1 sec! Vx 

63. y = csc l(sec 0), 0<0< 7/2 
64. y= (1 + x2) ers 


Implicit Differentiation 
In Exercises 65-78, find dy/dx by implicit differentiation. 


65 


67. 
69. 


71. 


73. 
75. 
Ty 


» xy + 2x + 3y=1 


x + Axy — 3y4/3 = 2x 
Vay = 1 


2. _%* 
goa I 


y 
ext2y =] 


In (w/y) = 1 
yetan' x =2 


66. 
68. 
70. 


5x4/5 + 10y9/5 = 15 
ry? = 1 


t +x 


72. y= 


74, y? = 21 
76. 
73. x = 


xsin!y = 1 + x? 


yo 


In Exercises 79 and 80, find dp/dq. 


79 


>; PAG = 3g" = 


80. g = (5p? + 2p)?” 


In Exercises 81 and 82, find dr/ds. 


81 


. rcos2s + sint?s = 7 


82. 2rs —-r—st+s* =-3 


83. Find d°y/dx” by implicit differentiation: 


84 


a P+y=1 


. a. By differentiating 
dy/dx = x/y. 


by =1- 7 
x? — y? = 1 implicitly, 


b. Then show that d?y/dx? = —1/y?. 


Numerical Values of Derivatives 
85. Suppose that functions f(x) and g(x) and their first derivatives 


have the following values at x = 0 and x = 1. 


rtxty-5x=2 


show 


x f(x) gx) f'(x) g(x) 
0 3 1/2 
1 3 5 1/2 —4 
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that 


Find the first derivatives of the following combinations at the 


given value of x. 


a. Of(x) — g@), x= 1 b. f(x)g7(x), x=0 
f(x) 

Cc. ex) + 1’ x= 1 d. f(g), x=0 

e. g(f(x)), x =0 f. (x + f@~)?, x= 

g. fa + g(x), x=0 


1 
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86. 


87. 
88. 


89. 
90. 


91. 
92. 
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Suppose that the function f(x) and its first derivative have the fol- 
lowing values at x = 0 and x = 1. 


x f(x) f'@) 
0 9 =) 
1 ~3 1/5 


Find the first derivatives of the following combinations at the 
given value of x. 


a. Vxf@), x=1 b. Vf(@), x=0 
ef Ve), #21 d. f(1 — 5tanx), x=0 
: = x=0 f. 10 sin (=) fx), x= 1 


Find the value of dy/dt at t = O if y = 3sin2x and x = + 7. 


Find the value of ds/du at u=2 if s=1+ 5t and t= 
(2 + 2u)'/3, 


Find the value of dw/ds at s=0 if w= sin (ev) and 
r = 3sin(s + 7/6). 

Find the value of dr/dt at t=0 if r= (0?+ 7)! and 
Pr+o=1. 

If y> + y = 2 cos x, find the value of d*y/dx? at the point (0, 1). 
If x!/3 + y!3 = 4, find d?y/dx? at the point (8, 8). 


Applying the Derivative Definition 
In Exercises 93 and 94, find the derivative using the definition. 


93. 


94. 
95. 


96. 


97. 


aoe 


g(x) = 2x7 + 1 
a. Graph the function 
2 


Xo. ell 
fey = { 


xe, Os 


IA 
OH 
IA A 
- Oo 


b. Is f continuous at x = 0? 
c. Is f differentiable at x = 0? 
Give reasons for your answers. 
a. Graph the function 
xX, -1s=x<0 
fee) = { 2 


tan x, 
b. Is f continuous at x = 0? 
c. Is f differentiable at x = 0? 
Give reasons for your answers. 
a. Graph the function 


af 
an 


O=x=1 
l<x=2. 
b. Is f continuous at x = 1? 

c. Is f differentiable at x = 1? 


Give reasons for your answers. 


98. 


For what value or values of the constant m, if any, is 
FO) 2x, x=0 
mx, x>0 


a. continuous at x = 0? 
b. differentiable at x = 0? 


Give reasons for your answers. 


Slopes, Tangents, and Normals 


99. 


100. 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


Tangents with specified slope Are there any points on the 
curve y = (x/2) + 1/(2x — 4) where the slope is —3/2? If so, 
find them. 

Tangents with specified slope Are there any points on the 


curve y = x — e* where the slope is 2? If so, find them. 


Horizontal tangents Find the points on the curve y= 
2x3 — 3x? — 12x + 20 where the tangent is parallel to the 
X-axis. 


Tangent intercepts Find the x- and y-intercepts of the line 
that is tangent to the curve y = x° at the point (—2, —8). 


Tangents perpendicular or parallel to lines Find the points 
on the curve y = 2x3 — 3x? — 12x + 20 where the tangent is 


a. perpendicular to the line y = 1 — (7/24). 
b. parallel to the line y = V2 -— 12x. 


Intersecting tangents Show that the tangents to the curve 
y = (sin x)/x at x = am and x = —7r intersect at right angles. 


Normals parallel to a line Find the points on the curve 
y = tanx,—a/2 < x < 7/2, where the normal is parallel to 
the line y = —x/2. Sketch the curve and normals together, 
labeling each with its equation. 


Tangent and normal lines Find equations for the tangent and 
normal to the curve y = 1 + cos x at the point (7/2, 1). Sketch 
the curve, tangent, and normal together, labeling each with its 
equation. 


Tangent parabola The parabola y = x? + C is to be tangent 
to the line y = x. Find C. 


Slope of tangent Show that the tangent to the curve y = x? at 
any point (a, a*) meets the curve again at a point where the slope 
is four times the slope at (a, a>). 


Tangent curve For what value of c is the curve y = c/(x + 1) 
tangent to the line through the points (0, 3) and (5, —2)? 


Normal to a circle Show that the normal line at any point of 
the circle x7 + y? = a? passes through the origin. 


In Exercises 111-116, find equations for the lines that are tangent and 
normal to the curve at the given point. 


111. 
112. 
113. 
114. 
115. 
116. 
117. 


e+ 2 =9, (1,2) 
e+y=2, (0,1) 

xy + 2x — 5y = 2, (3,2) 
Q— x? = 2x+ 4, (6,2) 
x+ Vxy =6, (4,1) 

3/2 + 2y3/2 = 17, (1, 4) 


Find the slope of the curve x*y? + y? = x + y at the points 
dd, 1) and (1,—1), 


118. The graph shown suggests that the curve y = sin (x — sin x) 
might have horizontal tangents at the x-axis. Does it? Give rea- 
sons for your answer. 


y = sin (x — sin x) 


Analyzing Graphs 

Each of the figures in Exercises 119 and 120 shows two graphs, the 
graph of a function y = f(x) together with the graph of its derivative 
f'(x). Which graph is which? How do you know? 


119. 120. 


121. Use the following information to graph the function y = f(x) 
for-l=x=6. 


i) The graph of f is made of line segments joined end to end. 
ii) The graph starts at the point (—1, 2). 


iii) The derivative of f, where defined, agrees with the step 
function shown here. 


| y=r@) 
er 
I o—> l l l l l 
=f i o 9.4 5 @.. 
oo -2 


122. Repeat Exercise 121, supposing that the graph starts at (—1, 0) 
instead of (—1, 2). 


Exercises 123 and 124 are about the accompanying graphs. The 
graphs in part (a) show the numbers of rabbits and foxes in a small 
arctic population. They are plotted as functions of time for 200 days. 
The number of rabbits increases at first, as the rabbits reproduce. But 
the foxes prey on rabbits and, as the number of foxes increases, the 
rabbit population levels off and then drops. Part (b) shows the graph 
of the derivative of the rabbit population, made by plotting slopes. 
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123. a. What is the value of the derivative of the rabbit population 
when the number of rabbits is largest? Smallest? 


b. What is the size of the rabbit population when its derivative 
is largest? Smallest (negative value)? 


124. In what units should the slopes of the rabbit and fox population 
curves be measured? 


Number 
of rabbits 


2000 


Initial no. rabbits = 1000 
Initial no. foxes = 40 


1000 


Number 
of foxes a+r r -oen 
0 50 100 150 200 
Time (days) 
(a) 
+100 
50 
(20, 40) 
50 
aa 50 100 150 200 


Time (days) 
Derivative of the rabbit population 
(b) 


Source: NCPMF “Differentiation” by W.U. Walton et al., Project 
CALC. Reprinted by permission of Educational Development 
Center, Inc. 


Trigonometric Limits 
Find the limits in Exercises 125-132. 


125. lim 7*— 126; tin — 
x0 2x° — x x0 2x 
sin r _ sin (sin 0) 
127. tig 128, Jog GO 
v9 4tan? 9 + tan@ + 1 
* (a /2 tan? 9 + 5 
: 1 — 2cot? 0 
130. 1 
eo 5cot? @ — 7cot@ — 8 
131. lim 5" * — 132, ee 
x0 2 — 2cosx §—0 @2 


Show how to extend the functions in Exercises 133 and 134 to be con- 

tinuous at the origin. 

tan (tan x) 
tan x 


tan (tan x) 
133. g(x) = 134, f(x) = ———— 


sin (sin x) 
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Logarithmic Differentiation 
In Exercises 135-140, use logarithmic differentiation to find the 
derivative of y with respect to the appropriate variable. 


2x2 + 1) 


3x + 4 
135. y = 136. y = pee 
V cos 2x 2x — 4 
(t + 1) — 1)\> 
8 dae eer TET: > 
ads (CxS) : 
2u2" 
138. y = —=— 
Vu +1 
139. y = (sin 6)Y? 140. y = (nx)!/0n9) 
Related Rates 
141. Right circular cylinder The total surface area S of a right cir- 


142. 


143. 


144, 


145. 


146. 


cular cylinder is related to the base radius r and height h by the 

equation S = 2ar? + 2arh. 

a. How is dS/dt related to dr/dt if h is constant? 

b. How is dS/dt related to dh/dt if r is constant? 

c. How is dS/dt related to dr/dt and dh/dt if neither r nor h is 
constant? 

d. How is dr/dt related to dh/dt if S is constant? 


Right circular cone The lateral surface area S of a right circu- 
lar cone is related to the base radius r and height h by the equa- 
tion S = arVr? + Pe. 

a. How is dS/dt related to dr/dt if h is constant? 

b. How is dS/dt related to dh/dt if r is constant? 


c. How is dS/dt related to dr/dt and dh/dt if neither r nor h is 
constant? 


Circle’s changing area The radius of a circle is changing at 
the rate of —2/7 m/sec. At what rate is the circle’s area chang- 
ing when r = 10 m? 

Cube’s changing edges The volume of a cube is increasing at 
the rate of 1200 cm?/min at the instant its edges are 20 cm long. 
At what rate are the lengths of the edges changing at that instant? 


Resistors connected in parallel If two resistors of R; and Ry 
ohms are connected in parallel in an electric circuit to make an 
R-ohm resistor, the value of R can be found from the equation 


a eee 
RR, Ry 
=> 


If R, is decreasing at the rate of 1 ohm/sec and R; is increasing 
at the rate of 0.5 ohm/sec, at what rate is R changing when 
R, = 75 ohms and R, = 50 ohms? 


Impedance in a series circuit The impedance Z (ohms) in a 
series circuit is related to the resistance R (ohms) and reactance 
X (ohms) by the equation Z = VR? + X?. If R is increasing at 
3 ohms /sec and X is decreasing at 2 ohms /sec, at what rate is Z 
changing when R = 10 ohms and X = 20 ohms? 


147. 


148. 


149, 


150. 


151. 


Speed of moving particle The coordinates of a particle moving 
in the metric xy-plane are differentiable functions of time ¢ with 
dx/dt = 10 m/sec and dy/dt = 5 m/sec. How fast is the particle 
moving away from the origin as it passes through the point (3, —4)? 
Motion of a particle A particle moves along the curve y = x°/? 
in the first quadrant in such a way that its distance from the origin 
increases at the rate of 11 units per second. Find dx/dt when x = 3. 


Draining a tank Water drains from the conical tank shown in 
the accompanying figure at the rate of 5 ft?/min. 


a. What is the relation between the variables h and r in the figure? 


b. How fast is the water level dropping when h = 6 ft? 


Exit rate: 5 ft?/min 


Rotating spool As television cable is pulled from a large spool 
to be strung from the telephone poles along a street, it unwinds 
from the spool in layers of constant radius (see accompanying 
figure). If the truck pulling the cable moves at a steady 6 ft/sec 
(a touch over 4 mph), use the equation s = ré@ to find how fast 
(radians per second) the spool is turning when the layer of radius 
1.2 ft is being unwound. 


Moving searchlight beam The figure shows a boat | km off- 
shore, sweeping the shore with a searchlight. The light turns at a 
constant rate, d0/dt = —0.6 rad/sec. 


a. How fast is the light moving along the shore when it reaches 
point A? 


b. How many revolutions per minute is 0.6 rad/sec? 


152. 


Points moving on coordinate axes Points A and B move 
along the x- and y-axes, respectively, in such a way that the dis- 
tance r (meters) along the perpendicular from the origin to the 
line AB remains constant. How fast is OA changing, and is it 
increasing, or decreasing, when OB = 2r and B is moving 
toward O at the rate of 0.3r m/sec? 


Linearization 


153. 


154. 


155. 
156. 


Find the linearizations of 
a. tanx atx = —7/4 b. sec x atx = —7/4. 


Graph the curves and linearizations together. 


We can obtain a useful linear approximation of the function 
f(x) = 1/(1 + tan x) at x = 0 by combining the approximations 
1 
i¢n ' 2 and tanx ~ x 
to get 
1 
1+tanx ia 


Show that this result is the standard linear approximation of 
1/(1 + tan x) at x = 0. 


Find the linearization of f(x) = V1 + x4 0.5 atx = 0. 


Find the linearization of f(x) = 2/(1 — x) 4 1+x- 3.1 
atx = 0. 


sin x 


Differential Estimates of Change 


157. 


Surface area of a cone Write a formula that estimates the 
change that occurs in the lateral surface area of a right circular 
cone when the height changes from ho to hg + dh and the radius 
does not change. 


= 57h 
S=arVrest kh 


(Lateral surface area) 


158. 


159. 


160. 
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Controlling error 


a. How accurately should you measure the edge of a cube to be 
reasonably sure of calculating the cube’s surface area with an 
error of no more than 2%? 


b. Suppose that the edge is measured with the accuracy required 
in part (a). About how accurately can the cube’s volume be 
calculated from the edge measurement? To find out, estimate 
the percentage error in the volume calculation that might 
result from using the edge measurement. 


Compounding error The circumference of the equator of a 
sphere is measured as 10 cm with a possible error of 0.4 cm. 
This measurement is used to calculate the radius. The radius is 
then used to calculate the surface area and volume of the sphere. 
Estimate the percentage errors in the calculated values of 


a. the radius. 
b. the surface area. 
c. the volume. 


Finding height To find the height of a lamppost (see accom- 
panying figure), you stand a 6 ft pole 20 ft from the lamp and 
measure the length a of its shadow, finding it to be 15 ft, give or 
take an inch. Calculate the height of the lamppost using the 
value a = 15 and estimate the possible error in the result. 


Chapter Ea Additional and Advanced Exercises 


1. 


An equation like sin?@ + cos*@ = 1 is called an identity 
because it holds for all values of 6. An equation like sin 6 = 0.5 
is not an identity because it holds only for selected values of 0, 
not all. If you differentiate both sides of a trigonometric identity 
in @ with respect to 6, the resulting new equation will also be an 
identity. 

Differentiate the following to show that the resulting equa- 
tions hold for all 6. 


2. 


a. sin 20 = 2sin 6cos 0 

b. cos 20 = cos?@ — sin*6 

If the identity sin (x + a) = sinx cosa + cos x sin a is differen- 
tiated with respect to x, is the resulting equation also an identity? 
Does this principle apply to the equation x — 2x — 8 = 0? 
Explain. 
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. a. Find values for the constants a, b, and c that will make 
f(x) =cosx and g(x) =a+t+bxt+ cx? 

satisfy the conditions 

£0) = g(0), (0) = g'(0), 


b. Find values for b and c that will make 


and f"(0) = g"(0). 


f(x) = sin(w + a) and g(x) = bsinx + ccosx 


satisfy the conditions 
£0) = g(0) and f’(0) = g’(0). 


c. For the determined values of a, b, and c, what happens for 
the third and fourth derivatives of f and g in each of parts (a) 
and (b)? 

. Solutions to differential equations 


a. Show that y = sinx, y = cos x, and y = a cosx + bsinx 
(a and b constants) all satisfy the equation 


y’+y=0. 


b. How would you modify the functions in part (a) to satisfy the 
equation 


y" + 4y = 0? 
Generalize this result. 


. An osculating circle Find the values of h, k, and a that make 
the circle (x — h)? + (vy — k)? = @ tangent to the parabola 
y = x? + 1 at the point (1, 2) and that also make the second 
derivatives d*y/dx? have the same value on both curves there. 
Circles like this one that are tangent to a curve and have the same 
second derivative as the curve at the point of tangency are called 
osculating circles (from the Latin osculari, meaning “to kiss”). 
We encounter them again in Chapter 13. 


. Marginal revenue A bus will hold 60 people. The number x of 
people per trip who use the bus is related to the fare charged (p 
dollars) by the law p = [3 — (x/40) ]?. Write an expression for 
the total revenue r(x) per trip received by the bus company. What 
number of people per trip will make the marginal revenue dr/dx 
equal to zero? What is the corresponding fare? (This fare is the 
one that maximizes the revenue.) 


7. Industrial production 


a. Economists often use the expression “rate of growth” in rela- 
tive rather than absolute terms. For example, let u = f(t) be 
the number of people in the labor force at time ¢ in a given 
industry. (We treat this function as though it were differentia- 
ble even though it is an integer-valued step function.) 

Let v = g(t) be the average production per person in 
the labor force at time f. The total production is then y = wv. 
If the labor force is growing at the rate of 4% per year 
(du/dt = 0.04u) and the production per worker is growing at 
the rate of 5% per year (du/dt = 0.05v), find the rate of 
growth of the total production, y. 


b. Suppose that the labor force in part (a) is decreasing at the 
rate of 2% per year while the production per person is 
increasing at the rate of 3% per year. Is the total production 
increasing, or is it decreasing, and at what rate? 


10. 


11. 


12. 


13. 


. Designing a gondola The designer of a 30-ft-diameter spheri- 


cal hot air balloon wants to suspend the gondola 8 ft below the 
bottom of the balloon with cables tangent to the surface of the 
balloon, as shown. Two of the cables are shown running from the 
top edges of the gondola to their points of tangency, (—12, —9) 
and (12, —9). How wide should the gondola be? 


x? + y* = 225 


(=i12,—=9) 


Suspension 
cables 


| k— Width 


NOT TO SCALE 


. Pisa by parachute On August 5, 1988, Mike McCarthy of 


London jumped from the top of the Tower of Pisa. He then 
opened his parachute in what he said was a world record low- 
level parachute jump of 179 ft. Make a rough sketch to show the 
shape of the graph of his speed during the jump. (Source: Boston 
Globe, Aug. 6, 1988.) 


Motion of a particle The position at time t = 0 of a particle 
moving along a coordinate line is 


s = 10cos(t + 7/4). 


a. What is the particle’s starting position (tf = 0)? 


b. What are the points farthest to the left and right of the origin 
reached by the particle? 


c. Find the particle’s velocity and acceleration at the points in 
part (b). 

d. When does the particle first reach the origin? What are its 
velocity, speed, and acceleration then? 


Shooting a paper clip On Earth, you can easily shoot a paper 
clip 64 ft straight up into the air with a rubber band. In ¢ sec after 
firing, the paper clip is s = 64r — 167° ft above your hand. 


a. How long does it take the paper clip to reach its maximum 
height? With what velocity does it leave your hand? 


b. On the moon, the same acceleration will send the paper clip 
to a height of s = 64t — 2.6? ft in f sec. About how long 
will it take the paper clip to reach its maximum height, and 
how high will it go? 

Velocities of two particles At time f sec, the positions of two 

particles on a coordinate line are s; = 3 — 1277 + 18+ 5m 

and s, = —f + 9¢7 — 12tm. When do the particles have the 
same velocities? 


Velocity of a particle A particle of constant mass m moves 
along the x-axis. Its velocity v and position x satisfy the equation 


1 1 
5 mv? — wy?) = yk? — 2), 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


where k, vp, and x9 are constants. Show that whenever v # 0, 


Average and instantaneous velocity 


a. Show that if the position x of a moving point is given by a 
quadratic function of t,x = Af? + Br + C, then the average 
velocity over any time interval [ t,, 4 | is equal to the instan- 
taneous velocity at the midpoint of the time interval. 


b. What is the geometric significance of the result in part (a)? 


Find all values of the constants m and b for which the function 


7 __ x, x< 7 
y mx +b, x27 
is 
a. continuous at x = 7. 
b. differentiable at x = 7. 
Does the function 
1 — cos x 
7 , x #0 
f(x) = 
0, x=0 


have a derivative at x = 0? Explain. 


a. For what values of a and b will 


ee 
JQy= ax? — bx + 3, 


x<2 
ee? 

be differentiable for all values of x? 
b. Discuss the geometry of the resulting graph of f. 
a. For what values of a and b will 


(x) ee ie 
y= 
e ax> + x + 2b, 


eS 1 
XL 

be differentiable for all values of x? 
b. Discuss the geometry of the resulting graph of g. 
Odd differentiable functions Is there anything special about 
the derivative of an odd differentiable function of x? Give reasons 
for your answer. 
Even differentiable functions Is there anything special about 
the derivative of an even differentiable function of x? Give rea- 
sons for your answer. 
Suppose that the functions f and g are defined throughout an 
open interval containing the point x, that f is differentiable at xo, 
that f(x9) = 0, and that g is continuous at x». Show that the prod- 
uct fg is differentiable at x9. This process shows, for example, 
that although |x| is not differentiable at x = 0, the product x |x| 
is differentiable at x = 0. 
(Continuation of Exercise 21.) Use the result of Exercise 21 to 
show that the following functions are differentiable at x = 0. 
b. 2x73 sin x c. Wx (1 — cos x) 
x’sin (1/x), x #0 
0, x=0 


a. |x| sin x 


d. h(x) = { 


23. 


24. 


25. 


26. 


27. 
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Is the derivative of 


continuous at x = 0? How about the derivative of k(x) = xh(x)? 
Give reasons for your answers. 


Suppose that a function f satisfies the following conditions for all 
real values of x and y: 

i) fx + y) = fQ): fy). 

ii) f(x) = 1 + xg), where lim,_.) g(x) = 1. 

Show that the derivative f’(x) exists at every value of x and that 
f'@) = fQ). 

The generalized product rule Use mathematical induction to 


prove that if y = u,u°--u, is a finite product of differentiable 
functions, then y is differentiable on their common domain and 


dy du, dup du, 


— = Uy t U4 
dx dx” hd 


nt Wie Mn ee ee 


Leibniz’s rule for higher-order derivatives of products Leibniz’s 
rule for higher-order derivatives of products of differentiable 
functions says that 


uv) Pu dudv _ dv 
v2 + uU—. 
dx? dx? dx dx dx? 
- Pu) Bu Pudv , ,dudv . dv 
* de dx? dx? dx dx dx? dx* 
d"uv) du d"ludv , 
Oe be and dy 
nn — W)e-- —k + Datu du 
k! dx"'—* dxk 
d"v 
+++) tu dx" 3 


The equations in parts (a) and (b) are special cases of the 
equation in part (c). Derive the equation in part (c) by mathe- 
matical induction, using 


ON. m _ m! ; m! 
k k+1 Kim —-RL° (kt Dm —k- DY 


The period of a clock pendulum The period T of a clock pen- 
dulum (time for one full swing and back) is given by the formula 
T* = 4m°L/g, where T is measured in seconds, g = 32.2 ft/sec’, 
and L, the length of the pendulum, is measured in feet. Find 
approximately 


a. the length of a clock pendulum whose period is T = I sec. 


b. the change dT in T if the pendulum in part (a) is lengthened 
0.01 ft. 


c. the amount the clock gains or loses in a day as a result of the 
period’s changing by the amount dT found in part (b). 
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28. The melting ice cube Assume that an ice cube retains its cubi- 


cal shape as it melts. If we call its edge length s, its volume is 
V = 8° and its surface area is 657. We assume that V and s are 
differentiable functions of time t. We assume also that the cube’s 
volume decreases at a rate that is proportional to its surface area. 
(This latter assumption seems reasonable enough when we think 
that the melting takes place at the surface: Changing the amount 


The minus sign indicates that the volume is decreasing. We 
assume that the proportionality factor k is constant. (It probably 
depends on many things, such as the relative humidity of the sur- 
rounding air, the air temperature, and the incidence or absence of 
sunlight, to name only a few.) Assume a particular set of condi- 
tions in which the cube lost 1/4 of its volume during the first 
hour, and that the volume is V) when t = 0. How long will it take 


of surface changes the amount of ice exposed to melt.) In mathe- the ice cube to melt? 


matical terms, 
dV _ 


av _ ae 2 
a k(6s"), k>0. 


Chapter 3 Technology Application Projects 


Mathematica/Maple Modules: 


Convergence of Secant Slopes to the Derivative Function 

You will visualize the secant line between successive points on a curve and observe what happens as the distance between them becomes small. 
The function, sample points, and secant lines are plotted on a single graph, while a second graph compares the slopes of the secant lines with the 
derivative function. 


Derivatives, Slopes, Tangent Lines, and Making Movies 

Parts I-III. You will visualize the derivative at a point, the linearization of a function, and the derivative of a function. You learn how to plot the 
function and selected tangents on the same graph. 

Part IV (Plotting Many Tangents) 

Part V (Making Movies). Parts IV and V of the module can be used to animate tangent lines as one moves along the graph of a function. 


Convergence of Secant Slopes to the Derivative Function 
You will visualize right-hand and left-hand derivatives. 


Motion Along a Straight Line: Position — Velocity — Acceleration 
Observe dramatic animated visualizations of the derivative relations among the position, velocity, and acceleration functions. Figures in the text 
can be animated. 


Applications of 
Derivatives 


OVERVIEW One of the most important applications of the derivative is its use as a tool for 
finding the optimal (best) solutions to problems. Optimization problems abound in math- 
ematics, physical science and engineering, business and economics, and biology and 
medicine. For example, what are the height and diameter of the cylinder of largest volume 
that can be inscribed in a given sphere? What are the dimensions of the strongest rectangu- 
lar wooden beam that can be cut from a cylindrical log of given diameter? Based on pro- 
duction costs and sales revenue, how many items should a manufacturer produce to maxi- 
mize profit? How much does the trachea (windpipe) contract to expel air at the maximum 
speed during a cough? What is the branching angle at which blood vessels minimize the 
energy loss due to friction as blood flows through the branches? 

In this chapter we use derivatives to find extreme values of functions, to determine 
and analyze the shapes of graphs, and to solve equations numerically. We also introduce 
the idea of recovering a function from its derivative. The key to many of these applications 
is the Mean Value Theorem, which paves the way to integral calculus. 


4A. 1 Extreme Values of Functions 


y= sinx 


FIGURE 4.1 Absolute extrema 

for the sine and cosine functions on 
[—7/2, 7/2]. These values can depend 
on the domain of a function. 


This section shows how to locate and identify extreme (maximum or minimum) values of 
a function from its derivative. Once we can do this, we can solve a variety of optimization 
problems (see Section 4.6). The domains of the functions we consider are intervals or 
unions of separate intervals. 


DEFINITIONS Let f be a function with domain D. Then f has an absolute 
maximum value on D at a point c if 


f@ = fl~ for all x in D 
and an absolute minimum value on D at c if 


f@® = flo for all x in D. 


Maximum and minimum values are called extreme values of the function f. Absolute 
maxima or minima are also referred to as global maxima or minima. 

For example, on the closed interval [—7/2, 7/2] the function f(x) = cos x takes on 
an absolute maximum value of | (once) and an absolute minimum value of 0 (twice). On 
the same interval, the function g(x) = sin x takes on a maximum value of | and a mini- 
mum value of —1 (Figure 4.1). 

Functions with the same defining rule or formula can have different extrema (maximum 
or minimum values), depending on the domain. We see this in the following example. 


223 


224 Chapter 4: Applications of Derivatives 


EXAMPLE 1 The absolute extrema of the following functions on their domains can 
be seen in Figure 4.2. Each function has the same defining equation, y = x’, but the 
domains vary. Notice that a function might not have a maximum or minimum if the 
domain is unbounded or fails to contain an endpoint. 


Function rule Domain D Absolute extrema on D 
(a) y= x? (—00, 00) No absolute maximum 
Absolute minimum of 0 at x = 0 
(b) y = x? [0, 2] Absolute maximum of 4 at x = 2 
Absolute minimum of 0 at x = 0 
(ec) y=x (0, 2] Absolute maximum of 4 at x = 2 
No absolute minimum 
(d) y=x (0, 2) No absolute extrema 
|_| 
yar oy yHxr oy 
A \ A 
D = (0, 2] D = (0, 2) 
\ 
\ 
>Xx - 1_» x : >Xx 
2 2 


(a) abs min only 


(b) abs max and min (c) abs max only (d) no max or min 


FIGURE 4.2 Graphs for Example 1. 


Some of the functions in Example | did not have a maximum or a minimum value. 
The following theorem asserts that a function which is continuous over (or on) a finite 
closed interval [a,b] has an absolute maximum and an absolute minimum value on the 
interval. We look for these extreme values when we graph a function. 


HISTORICAL BIOGRAPHY 
Daniel Bernoulli 


(1700-1789) 


THEOREM 1—The Extreme Value Theorem If f is continuous on a closed 


interval [a,b], then f attains both an absolute maximum value M and an abso- 
lute minimum value m in [ a, b]. That is, there are numbers x, and x, in [ a, b ] 
with f(x,) = m, fQ@) = M, and m S f(x) S M for every other x in [a,b]. 


The proof of the Extreme Value Theorem requires a detailed knowledge of the real 
number system (see Appendix 7) and we will not give it here. Figure 4.3 illustrates possi- 
ble locations for the absolute extrema of a continuous function on a closed interval [ a, b ]. 
As we observed for the function y = cosx, it is possible that an absolute minimum (or 
absolute maximum) may occur at two or more different points of the interval. 

The requirements in Theorem | that the interval be closed and finite, and that the 
function be continuous, are key ingredients. Without them, the conclusion of the theorem 


* No largest value 


value 


Smallest 


FIGURE 4.4 Even a single point of dis- 
continuity can keep a function from having 
either a maximum or minimum value on a 
closed interval. The function 


a OSS 1 
- 0, x=1 


is continuous at every point of [ 0, 1 ] 
except x = 1, yet its graph over [0, 1 | 
does not have a highest point. 
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y =f) 
M 
I m 
b 


Maximum and minimum 
at endpoints 


I 
I 
I 
I 
I 

>Xx - >Xx 
a 


(x, ™) 
Maximum and minimum 
at interior points 


y=fo 


I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
! 

b 


I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
x: 


Maximum at interior point, 
minimum at endpoint 


Minimum at interior point, 
maximum at endpoint 


FIGURE 4.3 Some possibilities for a continuous function’s maximum and 
minimum on a closed interval [ a, b]. 


need not hold. Example | shows that an absolute extreme value may not exist if the inter- 
val fails to be both closed and finite. The exponential function y = e* over (—©%, ©) 
shows that neither extreme value need exist on an infinite interval. Figure 4.4 shows that 
the continuity requirement cannot be omitted. 


Local (Relative) Extreme Values 


Figure 4.5 shows a graph with five points where a function has extreme values on its 
domain [ a, b]. The function’s absolute minimum occurs at a even though at e the func- 
tion’s value is smaller than at any other point nearby. The curve rises to the left and falls to 
the right around c, making f(c) a maximum locally. The function attains its absolute 
maximum at d. We now define what we mean by local extrema. 


DEFINITIONS — A function f has a local maximum value at a point c within its 
domain D if f(x) = f(c) for all x € D lying in some open interval containing c. 


A function f has a local minimum value at a point c within its domain D if 
f(x) = f(c) for all x € D lying in some open interval containing c. 


If the domain of f is the closed interval [ a, b], then f has a local maximum at the endpoint 
x = a, if f(x) S f(a) for all x in some half-open interval [ a, a + 5), 6 > 0. Likewise, f 
has a local maximum at an interior point x = c if f(x) = f(c) for all x in some open inter- 
val (c — 6,c + 6),6 > 0, anda local maximum at the endpoint x = b if f(x) = f(b) for 
all x in some half-open interval (b — 6,b], 6 > 0. The inequalities are reversed for local 
minimum values. In Figure 4.5, the function f has local maxima at c and d and local min- 
ima at a, e, and b. Local extrema are also called relative extrema. Some functions can 
have infinitely many local extrema, even over a finite interval. One example is the function 
f(x) = sin (1/x) on the interval (0, 1]. (We graphed this function in Figure 2.40.) 
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Absolute maximum 
No greater value of f anywhere. 


Local maximum Also a local maximum. 


No greater value of 
f nearby. 


Local minimum 
No smaller value 


I 
: | of f nearby. 
Absolute minimum i 
No smaller value of Local minimum 
f anywhere. Also a | I | No smaller value of | 
local minimum. | f nearby. 
! ! ! 1 oo 
a c e d b 


FIGURE 4.5 How to identify types of maxima and minima for a function with domain 
a=x=b. 


An absolute maximum is also a local maximum. Being the largest value overall, it is 
also the largest value in its immediate neighborhood. Hence, a list of all local maxima will 
automatically include the absolute maximum if there is one. Similarly, a list of all local 
minima will include the absolute minimum if there is one. 


Finding Extrema 


Local maximum value The next theorem explains why we usually need to investigate only a few values to find a 
; function’s extrema. 


THEOREM 2—The First Derivative Theorem for Local Extreme Values If 
f has a local maximum or minimum value at an interior point c of its domain, 


and if f’ is defined at c, then 
o=0. 
Secant slopes = 0 Secant slopes =0 
(never negative) (never positive) 
Proof To prove that f’(c) is zero at a local extremum, we show first that f’(c) cannot 
be positive and second that f’(c) cannot be negative. The only number that is neither posi- 
x a x. tive nor negative is zero, so that is what f’(c) must be. 
To begin, suppose that f has a local maximum value at x = c (Figure 4.6) so that 
FIGURE 4.6 A curve with a local f(x) — f(c) = 0 for all values of x near enough to c. Since c is an interior point of f’s 


maximum value. The slope at c, simultane- domain, f’(c) is defined by the two-sided limit 


ously 


nonnegative numbers, is zero. li 


the limit of nonpositive numbers and 

fa) — FO 

xc ye : 

This means that the right-hand and left-hand limits both exist at x = c and equal f’(c). 
When we examine these limits separately, we find that 


fio) = tim 2 - ate) = 0. Because (x — c) > 0 and f(x) S f(c) (1) 
Similarly, 
f'o = lim /_ 7 a = 0. Because (x — c) < 0 and f(x) S f(c) (2) 


Together, Equations (1) and (2) imply f’(c) = 0. 

This proves the theorem for local maximum values. To prove it for local minimum 
values, we simply use f(x) = f(c), which reverses the inequalities in Equations (1) 
and (2). a 


>X 


>X 


(b) 


FIGURE 4.7 Critical points without 
extreme values. (a) y’ = 3x? is Oat x = 0, 
but y = x? has no extremum there. 

(b) y’ = (1/3)x?/ is undefined at x = 0, 
but y = x!/? has no extremum there. 
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Theorem 2 says that a function’s first derivative is always zero at an interior point 
where the function has a local extreme value and the derivative is defined. If we recall that 
all the domains we consider are intervals or unions of separate intervals, the only places 
where a function f can possibly have an extreme value (local or global) are 


1. interior points where f’ = 0, At x = cand x = e in Fig. 4.5 
2. interior points where f’ is undefined, At x = d in Fig. 4.5 
3. endpoints of the domain of f. At x = aand x = b in Fig. 4.5 


The following definition helps us to summarize these results. 


DEFINITION An interior point of the domain of a function f where f’ is zero 
or undefined is a critical point of f. 


Thus the only domain points where a function can assume extreme values are critical 
points and endpoints. However, be careful not to misinterpret what is being said here. A 
function may have a critical point at x = c without having a local extreme value there. For 
instance, both of the functions y = x? and y = x!/> have critical points at the origin, but 
neither function has a local extreme value at the origin. Instead, each function has a point 
of inflection there (see Figure 4.7). We define and explore inflection points in Section 4.4. 
Most problems that ask for extreme values call for finding the absolute extrema of a 
continuous function on a closed and finite interval. Theorem | assures us that such values 
exist; Theorem 2 tells us that they are taken on only at critical points and endpoints. Often 
we can simply list these points and calculate the corresponding function values to find 
what the largest and smallest values are, and where they are located. Of course, if the 
interval is not closed or not finite (such as a < x < bora < x < ow), we have seen that 
absolute extrema need not exist. If an absolute maximum or minimum value does exist, it 
must occur at a critical point or at an included right- or left-hand endpoint of the interval. 


How to Find the Absolute Extrema of a Continuous Function f on a Finite 
Closed Interval 


1. Evaluate f at all critical points and endpoints. 


2. Take the largest and smallest of these values. 


EXAMPLE 2 Find the absolute maximum and minimum values of f(x) = x? on 
p20] 


Solution The function is differentiable over its entire domain, so the only critical point 
is where f'(x) = 2x = 0, namely x = 0. We need to check the function’s values at x = 0 
and at the endpoints x = —2 and x = |: 


Critical point value: f) =0 


Endpoint values: fC2) =4 
fd) = 1. 
The function has an absolute maximum value of 4 at x = —2 and an absolute minimum 
value of 0 at x = 0. | 


EXAMPLE 3 Find the absolute maximum and minimum values of f(x) = 
10x(2 — In x) on the interval [ 1, e7]. 
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30 (e, 10e) 


(e?, 0) 


poo tp dd Ny 
Ol 1 2 3 4 5 6 7 


FIGURE 4.8 The extreme values of 
f(x) = 10x(2 — In x) on [ 1, e?] occur at 
x = e and x = e? (Example 3). 


>< 


y= x2/3, 255x853 


Absolute maximum; 
Local also a local maximum 
maximum 


! ! >x 


=2, -=1 NE 2 3 


Absolute minimum; 
also a local minimum 


FIGURE 4.9 The extreme values of 
f(x) = x7 on [—2,3] occur at x = 0 
and x = 3 (Example 4). 


Exercises 4.1 | 


Finding Extrema from Graphs 


In Exercises 1-6, determine from the graph whether the function has 
any absolute extreme values on [a,b]. Then explain how your 


answer is consistent with .Theorem | 
ly 2 =y 
A 


Solution Figure 4.8 suggests that f has its absolute maximum value near x = 3 and its 
absolute minimum value of 0 at x = e”. Let’s verify this observation. 

We evaluate the function at the critical points and endpoints and take the largest and 
smallest of the resulting values. 

The first derivative is 


f'(~) = 10(2 — Inx) 1ox( 4) = 10(1 — Inx). 


The only critical point in the domain [ 1, e?] is the point x = e, where In x = 1. The val- 
ues of f at this one critical point and at the endpoints are 


Critical point value: f(e) = 10e 


Endpoint values: fd) = 102 — In1) = 20 
f(e?) = 10e*(2 — 2 Ine) = 0. 


We can see from this list that the function’s absolute maximum value is 10e ~ 27.2; it 
occurs at the critical interior point x = e. The absolute minimum value is 0 and occurs at 
the right endpoint x = e?. Oo 


EXAMPLE 4 Find the absolute maximum and minimum values of f(x) = x2/3 on the 
interval [—2, 3]. 


Solution We evaluate the function at the critical points and endpoints and take the larg- 
est and smallest of the resulting values. 
The first derivative 


De 2 
PQ) = 3x = 
3 aVx 
has no zeros but is undefined at the interior point x = 0. The values of f at this one critical 
point and at the endpoints are 


Critical point value: f@) =0 
Endpoint values: f(-2) = (29/3 = W4 
fG3) = BY = V9. 


We can see from this list that the function’s absolute maximum value is W9 ~ 2.08, and 
it occurs at the right endpoint x = 3. The absolute minimum value is 0, and it occurs at 


the interior point x = O where the graph has a cusp (Figure 4.9). a 
3. oy 4. y 
A A 
y=f@) 
Me © fo o> a= = & 


! ! >x 


5 y 6. y 
A ) nN 
y= (x 
: e y = g(x) 
! L —e_) L L | sx 
0 a c b 0 a c b 


In Exercises 7-10, find the absolute extreme values and where they 


occur. 


In Exercises 11—14, match the table with a graph. 
11. 12 


x gt eS) 
a 0) a 0 
b 0) b 0 
c 5 Cc =) 
13. x f(x) 14. a f(x) 
a does not exist a does not exist 
b 0 b does not exist 
c =2 c 157 


Q 
a 
Gees 


(a) (b) 


Q 
or) ere 
oe 


(c) (d) 
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In Exercises 15-20, sketch the graph of each function and determine 
whether the function has any absolute extreme values on its domain. 
Explain how your answer is consistent with Theorem 1. 


15. f(x) = |x|, -l<x<2 
6 
16. y= , -l<x<l 
” +2 . 
=X, O=x 1 
17. = : 
g(x) Vot, 1e= 
, -l=x<0 
18. h(x) = 


Vx, OS x=4 
19. y=3sinx, O<x< 27 
exh =Laxe<0 


PS COs x, O<xs 5 


Absolute Extrema on Finite Closed Intervals 

In Exercises 21-40, find the absolute maximum and minimum values 
of each function on the given interval. Then graph the function. Iden- 
tify the points on the graph where the absolute extrema occur, and 
include their coordinates. 


21. f~) =5x-5, -25x53 


22. f(x) =—-x-4, -45x51 
23. f(x) =x? -1, -l=x=2 
24. fx) =4-%, -25x<1 


25. Fa =-s, O05 =x =2 
x2 


26. F(x) =—-y, -25x5-1 

27. h(x) = Wx, -1<x<8 

28. A(x) = -3xX27, -l Sx 1 

29. e(x) = V4—3x°, -25x<1 
30. gx) = -V5—-x, -V5<=x<0 


31. f(0) = sind, Zeg=t 
= T T 
32. f(0) = tan 8d, 7 a 4 
33. g(x) = csc x, fexs 
34. g(x) = sec x, 5 Pe 
35. fi) =2- |, -lstrs3 
36. fi) =|t-5|, 451¢57 


37. g(x) = xe*, -lS=x=1 
38. h(x) =Inw+ 1), OSxs3 


39. f(x) = . +Inx, O055x54 
40. pa) =e*, -25x51 
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In Exercises 41-44, find the function’s absolute maximum and mini- 
mum values and say where they are assumed. 


4. fw) = 2x48, -1s=x58 

42. fx) =x, -1l Sx <8 

43. 20) = 0/5, -32<0<1 

44, h(6) = 30°73, -27=0=8 

Finding Critical Points 

In Exercises 45-52, determine all critical points for each function. 
45. y=x°-6x+7 46. f(x) = 6x? — x? 

47. f(x) = x(4 — x) 48. e(x) = (x — 1)°(« - 3)° 


2 
49. y=r+2 50. f= 5 


52. 9(x) = V2x -— x? 


51. y =x? — 32Vx 


Finding Extreme Values 
In Exercises 53-68, find the extreme values (absolute and local) of the 
function over its natural domain, and where they occur. 


53. y= 2x7 — 8k + 9 54. y=x-2x+4 
55. y=xtx?- 8x +5 56. y = x(x — 5? 
57. y= Vx7-1 58. y=x—4Vx 
59, y = +. 60. y= V3 4+ 2x - x? 
J 1 — x? 
x xt+1 
61. y= 62. y = ———— 
Oe ye P+ a2 
63. y= e+ e* 64. y = e — e* 
65. y= xInx 66. y= x Inx 
67. y = cos ! (x?) 68. y = sin !(e*) 


Local Extrema and Critical Points 
In Exercises 69-76, find the critical points, domain endpoints, and 
extreme values (absolute and local) for each function. 


69. y = x7/3(x + 2) 70. y = x(x? — 4) 
Tl. y=xV4—-—x 72, y=xX°V3-—x 


4—-—2x, x=1 3%, x <0 
73. y= 74. y= 
/ ee eo y { 


—x7-2x+4, x= 1 
75. y= 5 
—x° + 6x -—4, x>1 
5 1 15 
a ee =u a 
apa 2 ae ee 
x? — 6x? + 8x, x>1 


In Exercises 77 and 78, give reasons for your answers. 
77. Let f(x) = (x — 2), 
a. Does f'(2) exist? 
b. Show that the only local extreme value of f occurs at x = 2. 


c. Does the result in part (b) contradict the Extreme Value 
Theorem? 


d. Repeat parts (a) and (b) for f(x) = (x — a), replacing 2 
by a. 


78. Let f(x) = |x? — 9x. 
a. Does f’(0) exist? 
c. Does f’(—3) exist? 


b. Does f’(3) exist? 


d. Determine all extrema of f. 


Theory and Examples 

79. A minimum with no derivative The function f(x) = |x| has 
an absolute minimum value at x = O even though f is not differ- 
entiable at x = 0. Is this consistent with Theorem 2? Give rea- 
sons for your answer. 


80. Even functions If an even function f(x) has a local maximum 
value at x = c, can anything be said about the value of f at 
x = —c? Give reasons for your answer. 


81. Odd functions If an odd function g(x) has a local minimum 
value at x = c, can anything be said about the value of g at 
x = —c? Give reasons for your answer. 


82. No critical points or endpoints exist We know how to find the 
extreme values of a continuous function f(x) by investigating its 
values at critical points and endpoints. But what if there are no criti- 
cal points or endpoints? What happens then? Do such functions 
really exist? Give reasons for your answers. 


83. The function 


V(x) = x10 — 2x)(16 — 2x), O0<x<5, 
models the volume of a box. 
a. Find the extreme values of V. 


b. Interpret any values found in part (a) in terms of the volume 
of the box. 


84. Cubic functions Consider the cubic function 


f(x) = ax? + bx? + cx + d. 


a. Show that f can have 0, 1, or 2 critical points. Give examples 
and graphs to support your argument. 


b. How many local extreme values can f have? 


85. Maximum height of a vertically moving body The height of a 
body moving vertically is given by 


s = —}ef? + uot + 5 g>O0, 


with s in meters and ¢ in seconds. Find the body’s maximum height. 


86. Peak alternating current Suppose that at any given time f (in 
seconds) the current i (in amperes) in an alternating current cir- 
cuit is i = 2cost + 2 sin t. What is the peak current for this cir- 
cuit (largest magnitude)? 


Graph the functions in Exercises 87—90. Then find the extreme values 
of the function on the interval and say where they occur. 


87. f(x) = |x — 2| + |x + 3], -S Sx <5 
88. g(x) = |x — 1] — |x —5|, -2 5x57 
89. h(x) = |x 2| |x 3 o<x<© 
90. k(x) = |x 


CoO< x < CO 


COMPUTER EXPLORATIONS 

In Exercises 91-98, you will use a CAS to help find the absolute 
extrema of the given function over the specified closed interval. Per- 
form the following steps. 


a. Plot the function over the interval to see its general behavior there. 


b. Find the interior points where f’ = 0. (In some exercises, you 
may have to use the numerical equation solver to approximate a 
solution.) You may want to plot f’ as well. 


c. Find the interior points where f’ does not exist. 
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d. Evaluate the function at all points found in parts (b) and (c) and at 94, f(x) = 2 + 2x — 3x73, [-1, 10/3] 


the endpoints of the interval. 


e. Find the function’s absolute extreme values on the interval and 


identify where they occur. 


95. f(x) = Vx t+ cosx, [0,27] 


96. f(x) = 7/4 — sinx + . [ 0, 27] 


91. f(x) = x4 — 8x2 + 4x +2, [-20/25, 64/25] 97. f(x) = me, [0,5] 
92. fx) =—-xt + 40 -— 4x 4+ 1, [-3/4,3] 98. f(x) = In(Qx + xsinx), [1,15] 


93. fix) = 773 -—x, [-2,2] 
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FIGURE 4.10  Rolle’s Theorem says 
that a differentiable curve has at least one 


horizontal tangent between any two points 
where it crosses a horizontal line. It may 
have just one (a), or it may have more (b). 


HISTORICAL BIOGRAPHY 
Michel Rolle 


(1652-1719) 


We know that constant functions have zero derivatives, but could there be a more compli- 
cated function whose derivative is always zero? If two functions have identical derivatives 
over an interval, how are the functions related? We answer these and other questions in 
this chapter by applying the Mean Value Theorem. First we introduce a special case, 
known as Rolle’s Theorem, which is used to prove the Mean Value Theorem. 


Rolle’s Theorem 


As suggested by its graph, if a differentiable function crosses a horizontal line at two dif- 
ferent points, there is at least one point between them where the tangent to the graph is 
horizontal and the derivative is zero (Figure 4.10). We now state and prove this result. 


THEOREM 3—Rolle’s Theorem Suppose that y = f(x) is continuous over 
the closed interval [a,b] and differentiable at every point of its interior (a, b). 
If f(a) = f(b), then there is at least one number c in (a, b) at which f'(c) = 0. 


Proof Being continuous, f assumes absolute maximum and minimum values on 
[a,b] by Theorem 1. These can occur only 


1. at interior points where f’ is zero, 
2. at interior points where f’ does not exist, 


3. at endpoints of the function’s domain, in this case a and b. 


By hypothesis, f has a derivative at every interior point. That rules out possibility (2), 
leaving us with interior points where f’ = 0 and with the two endpoints a and b. 

If either the maximum or the minimum occurs at a point c between a and b, then 
f'(c) = 0 by Theorem 2 in Section 4.1, and we have found a point for Rolle’s Theorem. 

If both the absolute maximum and the absolute minimum occur at the endpoints, then 
because f(a) = f(b) it must be the case that f is aconstant function with f(x) = f(a) = f(b) 
for every x € [a,b]. Therefore f’(x) = 0 and the point c can be taken anywhere in the 
interior (a, b). | 


The hypotheses of Theorem 3 are essential. If they fail at even one point, the graph 
may not have a horizontal tangent (Figure 4.11). 

Rolle’s Theorem may be combined with the Intermediate Value Theorem to show 
when there is only one real solution of an equation f(x) = 0, as we illustrate in the next 
example. 


EXAMPLE 1 Show that the equation 
e+3x+1=0 


has exactly one real solution. 
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y=x + 3x + 1 
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See 


(-1, —3) 


FIGURE 4.12 The only real zero of the 
polynomial y = x? + 3x + 1 is the one 
shown here where the curve crosses the 
x-axis between —1 and 0 (Example 1). 


y Tangent eras to secant 


f Oo = @ 


Slope =~ 


> X 


ee es 


= f@% 


FIGURE 4.13 Geometrically, the Mean 
Value Theorem says that somewhere 
between a and b the curve has at least one 


tangent parallel to the secant joining A and B. 


HISTORICAL BIOGRAPHY 
Joseph-Louis Lagrange 


(1736-1813) 
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= f@) y=f@ 


>X 


! | >Xx ! | >x 


| a b ! a xy b a XxX b 


(c) Continuous on [a, b] but not 
differentiable at an interior 
point 


(b) Discontinuous at an 
interior point of [a, b] 


(a) Discontinuous at an 
endpoint of [a, b] 


FIGURE 4.11 There may be no horizontal tangent if the hypotheses of Rolle’s Theorem do not hold. 


Solution We define the continuous function 
f(x) = 29° + 3x + 1. 


Since f(—1) = —3 and f(0) = 1, the Intermediate Value Theorem tells us that the graph 
of f crosses the x-axis somewhere in the open interval (—1, 0). (See Figure 4.12.) Now, if 
there were even two points x = a and x = b where f(x) was zero, Rolle’s Theorem 
would guarantee the existence of a point x = c in between them where f’ was zero. How- 
ever, the derivative 

f'(x) = 3x? + 3 


is never zero (because it is always positive). Therefore, f has no more than one zero. 


Our main use of Rolle’s Theorem is in proving the Mean Value Theorem. 


The Mean Value Theorem 


The Mean Value Theorem, which was first stated by Joseph-Louis Lagrange, is a slanted 
version of Rolle’s Theorem (Figure 4.13). The Mean Value Theorem guarantees that there 
is a point where the tangent line is parallel to the secant joining A and B. 


THEOREM 4—The Mean Value Theorem Suppose y = f(x) is continuous 
over a closed interval [a,b] and differentiable on the interval’s interior (a, b). 
Then there is at least one point c in (a, b) at which 


fO) — £{@ 


Bag nO (1) 


Proof We picture the graph of f and draw a line through the points A(a, f(a)) and 
Bib, f(b)). (See Figure 4.14.) The secant line is the graph of the function 


gia) = fa + TOTO gy (2) 
(point-slope equation). The vertical difference between the graphs of f and g at x is 
h(x) = fx) — 8@) 
b 
= fo) — fa — © FO & — 9) 3) 


Figure 4.15 shows the graphs of f, g, and / together. 


>Xx 


FIGURE 4.16 The function f(x) = 
\V/1 — x? satisfies the hypotheses (and 
conclusion) of the Mean Value Theorem 
on [—1, 1 ] even though f is not differen- 
tiable at —1 and 1. 


A(, 0) 
FIGURE 4.17 As we find in Example 2, 


c = | is where the tangent is parallel to 
the secant line. 


(8, 352) 


Distance (ft) 
tv 
aS 
=) 
T 


At this point, 


sot the car’s speed 
was 30 mph. 
a RE eee ee MT ew cea t 
0 5 > 
Time (sec) 


FIGURE 4.18 Distance versus elapsed 
time for the car in Example 3. 
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Bib, f(b)) 


y=fo) 


A(a, f(a) 


>X 


I 
I 
| 
I 
} 
I 
| 
| 
} 
! 
a b 


FIGURE 4.14 The graph of f and the 
secant AB over the interval [ a, b]. 


FIGURE 4.15 The secant AB is the 
graph of the function g(x). The function 
h(x) = f(x) — g(x) gives the vertical dis- 
tance between the graphs of f and g at x. 


The function / satisfies the hypotheses of Rolle’s Theorem on [ a, b] . It is continuous 
on [a,b] and differentiable on (a, b) because both f and g are. Also, h(a) = h(b) = 0 
because the graphs of f and g both pass through A and B. Therefore h'(c) = 0 at some 
point c € (a, b). This is the point we want for Equation (1) in the theorem. 

To verify Equation (1), we differentiate both sides of Equation (3) with respect to x 
and then set x = c: 


b — 
h(x) = f'® HK ? aoe Ho) Derivative of Eq. (3)... 
ho = f'O fo) - Ao) Anite met 
b PAE 
0= fi ” ? = ro) h'(c) = 0 
b — 
Pes a ? _— Rearranged 
which is what we set out to prove. | 


The hypotheses of the Mean Value Theorem do not require f to be differentiable at 
either a or b. One-sided continuity at a and b is enough (Figure 4.16). 


EXAMPLE 2 The function f(x) = x* (Figure 4.17) is continuous for 0 S x < 2 and 
differentiable for 0 < x < 2. Since f(0) = O and f(2) = 4, the Mean Value Theorem 
says that at some point c in the interval, the derivative f'(x) = 2x must have the value 
(4 — 0)/(2 — 0) = 2. In this case we can identify c by solving the equation 2c = 2 to 
get c = 1. However, it is not always easy to find c algebraically, even though we know it 
always exists. | 


A Physical Interpretation 


We can think of the number (f(b) — f(a@))/(b — a) as the average change in f over 
[a,b] and f'(c) as an instantaneous change. Then the Mean Value Theorem says that at 
some interior point the instantaneous change must equal the average change over the 
entire interval. 


EXAMPLE 3 If a car accelerating from zero takes 8 sec to go 352 ft, its average 
velocity for the 8-sec interval is 352/8 = 44 ft/sec. The Mean Value Theorem says that at 
some point during the acceleration the speedometer must read exactly 30 mph (44 ft/sec) 
(Figure 4.18). | 
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FIGURE 4.19 From a geometric point 
of view, Corollary 2 of the Mean Value 
Theorem says that the graphs of functions 
with identical derivatives on an interval 
can differ only by a vertical shift there. 
The graphs of the functions with derivative 
2x are the parabolas y = x* + C, shown 
here for selected values of C. 


Mathematical Consequences 


At the beginning of the section, we asked what kind of function has a zero derivative over 
an interval. The first corollary of the Mean Value Theorem provides the answer that only 
constant functions have zero derivatives. 


COROLLARY 1 If f’(x) = 0 at each point x of an open interval (a, b), then 
f(x) = C for all x € (a, b), where C is a constant. 


Proof We want to show that f has a constant value on the interval (a, b). We do so by 
showing that if x, and x, are any two points in (a, b) with x, < 2%, then f(x,) = f(%). 
Now f satisfies the hypotheses of the Mean Value Theorem on [ x), x, ]: It is differentiable 
at every point of [ x), x) ] and hence continuous at every point as well. Therefore, 


FO) — fe) 


Hox =O 


at some point c between x, and x. Since f’ = 0 throughout (a, b), this equation implies 
successively that 


FO) FE) 9, pte) — fle) = 0, and fle) = fe). 


At the beginning of this section, we also asked about the relationship between two 
functions that have identical derivatives over an interval. The next corollary tells us that 
their values on the interval have a constant difference. 


COROLLARY 2 If f’(x) = g’(«) at each point x in an open interval (a, b), then 
there exists a constant C such that f(x) = g(x) + C for all xe (a, b). That is, 
f — gis aconstant function on (a, b). 


Proof At each point x € (a, b) the derivative of the difference function h = f — g is 
h'(x) = f'() — 8’) = 0. 


Thus, A(x) = C on (a, b) by Corollary 1. That is, f(x) — g(x) = C on (a, b), so f(x) = 
g(x) + C. | 


Corollaries 1 and 2 are also true if the open interval (a, b) fails to be finite. That is, 
they remain true if the interval is (a, ©), (—00, b), or (—09, 00), 

Corollary 2 plays an important role when we discuss antiderivatives in Section 4.8. It 
tells us, for instance, that since the derivative of f(x) = x? on (—00, 00) is 2x, any other 
function with derivative 2x on (—©o, CO) must have the formula x7 + C for some value of 
C (Figure 4.19). 


EXAMPLE 4 Find the function f(x) whose derivative is sin x and whose graph passes 
through the point (0, 2). 


Solution Since the derivative of g(x) = —cosx is g'(x) = sin.x, we see that f and 
g have the same derivative. Corollary 2 then says that f(x) = —cosx + C for some 


4.2 The Mean Value Theorem 235 


constant C. Since the graph of f passes through the point (0, 2), the value of C is deter- 
mined from the condition that f(0) = 2: 


f(@) = —cos(0) + C = 2, so C = 3. 


The function is f(x) = —cos x + 3. Oo 


Finding Velocity and Position from Acceleration 


We can use Corollary 2 to find the velocity and position functions of an object moving 
along a vertical line. Assume the object or body is falling freely from rest with accelera- 
tion 9.8 m/sec”. We assume the position s(t) of the body is measured positive downward 
from the rest position (so the vertical coordinate line points downward, in the direction of 
the motion, with the rest position at 0). 

We know that the velocity u(t) is some function whose derivative is 9.8. We also 
know that the derivative of g(t) = 9.87 is 9.8. By Corollary 2, 


v(t) = 9.81 + C 
for some constant C. Since the body falls from rest, v(0) = 0. Thus 
9.8(0) + C = 0, and C= 0. 


The velocity function must be v(t) = 9.87. What about the position function s(t)? 
We know that s(t) is some function whose derivative is 9.8t. We also know that the 
derivative of f(t) = 4.97 is 9.87. By Corollary 2, 


s(t) = 4.97 + C 
for some constant C. Since s(0) = 0, 
4.910)? + C=0, and C=0. 


The position function is s(t) = 4.9/7 until the body hits the ground. 

The ability to find functions from their rates of change is one of the very powerful 
tools of calculus. As we will see, it lies at the heart of the mathematical developments in 
Chapter 5. 


Proofs of the Laws of Logarithms 


The algebraic properties of logarithms were stated in Section 1.6. We can prove those 
properties by applying Corollary 2 of the Mean Value Theorem to each of them. The steps 
in the proofs are similar to those used in solving problems involving logarithms. 


Proof that In bx = In b + Inx The argument starts by observing that In bx and In x 
have the same derivative: 
b 1 d 


d 
det (bx) = ie ae In x. 


According to Corollary 2 of the Mean Value Theorem, then, the functions must differ by a 
constant, which means that 


Inbx = Inx + C 


for some C. 
Since this last equation holds for all positive values of x, it must hold for x = 1. 
Hence, 
In(b- 1) =Inl+C 
Inb=0+C Inl =0 
C = Inb. 
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By substituting, we conclude 
In bx = Inb + Inx. Oo 


Proof that In x’ = rinx We use the same-derivative argument again. For all posi- 
tive values of x, 


d : dy : 
det x= aR? Chain Rule 
Ot > cs 
= nlx it Derivative Power Rule 


| 


1_d 
xh (r ln x). 
Since In x” and r In x have the same derivative, 


Inx’ =rilnx+C 


for some constant C. Taking x to be | identifies C as zero, and we’re done. a 


You are asked to prove the Quotient Rule for logarithms, 


in(2) = Inb — Inx, 


in Exercise 75. The Reciprocal Rule, In (1/x) = —In x, is a special case of the Quotient 
Rule, obtained by taking b = 1 and noting that In 1 = 0. 


Laws of Exponents 


The laws of exponents for the natural exponential e* are consequences of the algebraic 
properties of In x. They follow from the inverse relationship between these functions. 


Laws of Exponents for e* 


For all numbers x, x,;, and x, the natural exponential e* obeys the following 


laws: 
L. ete? = ett 2.€* = ‘ 
3. = e122 4. (ery? = ei = (ery! 


Proof of Law 1 Let 


y=e and = yy =e (4) 


Then 


Take logs of both 


a In YI and 2 In y2 sides of Eqs. (4). 


xX, + x =Iny, + Iny, 


= Iny,y Product Rule for logarithms 
eit = gn yiy Exponentiate. 
= V1 y2 gree 
= eve”, ia 


The proof of Law 4 is similar. Laws 2 and 3 follow from Law 1 (Exercises 77 and 78). 


Exercises 4,2 | 


Checking the Mean Value Theorem 
Find the value or values of c that satisfy the equation 


flb)-f@_,, 
b=— 3 


in the conclusion of the Mean Value Theorem for the functions and 
intervals in Exercises 1-8. 


1. f@ =x? 4+ 2x- 1, [0,1] 
2. fx) = x77, [0,1] 

3. fw~ =xt y 3.2 
f= Vx= 1, [1,2] 
f(x) = sin! x, [-1,1] 
fx) =In@- 1), [2,4] 
ior =2, [=12) 


_ fx, -2s%x50 
ee x? O<xs2 


aA ws 


’ 


Which of the functions in Exercises 9-14 satisfy the hypotheses of the 
Mean Value Theorem on the given interval, and which do not? Give 
reasons for your answers. 
9 fa) = 9, [-1,8] 
10. f(x) = x4, [0,1] 
11. f(x) = Vx1 — x), [0,1] 
sin x 
12. f= 4 * 
0, x=0 


—T=sx<0 


> 


a _ far Soe —2<x=<-l 
» f= 2x2 — 3x - 3, -1<x50 


20> 3. 0=7=:2 


a f= {en 2<x=3 


15. The function 


fo) . 0O<x<1 
y= 
0, x=1 


is zero at x = 0 and x = | and differentiable on (0, 1), but its 
derivative on (0,1) is never zero. How can this be? Doesn’t 
Rolle’s Theorem say the derivative has to be zero somewhere in 
(0, 1)? Give reasons for your answer. 


16. For what values of a, m, and b does the function 


35 x=0 
f(x) = 4 —x? + 3x + a, 0<x<1 
mx + b, 1l=x%=2 


satisfy the hypotheses of the Mean Value Theorem on the interval 
[0,2]? 
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Roots (Zeros) 
17. a. Plot the zeros of each polynomial on a line together with the 
zeros of its first derivative. 


) y=x-4 

fi) y=ax?+ 8x4 15 

iii) y= x -— 3x? +4=(+4+ DO - 2? 

iv) y =x — 33x? + 216x = x(x — 9)(x — 24) 


b. Use Rolle’s Theorem to prove that between every two zeros 
of x” + a,x"! + +++ + ax + ao there lies a zero of 


nx"! + (n — Way"? + es + a, 


18. Suppose that f” is continuous on [a,b] and that f has three 
zeros in the interval. Show that f” has at least one zero in (a, b). 
Generalize this result. 


19. Show that if f” > 0 throughout an interval [a,b], then f’ has at 
most one zero in [ a, b |. What if f” < 0 throughout [ a, b] instead? 


20. Show that a cubic polynomial can have at most three real zeros. 


Show that the functions in Exercises 21-28 have exactly one zero in 
the given interval. 


21. f@) =xt4+3x+1, [-2,-1] 


22. fx) = 3 e + 7, (00, 0) 

2 
23. gt) = Vtt+ V1 +1t-4, (0,0) 
24, gO = 4 1+7¢-31, ©1,1) 


25. r(0) = 64 sine (4) 8, (—00, 00) 


26. r(@) = 20 — cos? + V2, (—00, 00) 


27. 1(0) = sec 0 — = +5, (0, 7/2) 


28. r(@) = tan@ — cot@— 6, (0, 7/2) 


Finding Functions from Derivatives 
29. Suppose that f(—1) = 3 and that f’(x) = 0 for all x. Must 
f(x) = 3 for all x? Give reasons for your answer. 


30. Suppose that f(0) = 5 and that f’(x) = 2 for all x. Must f(x) = 
2x + 5 for all x? Give reasons for your answer. 


31. Suppose that f’(x) = 2x for all x. Find f(2) if 
a. f(0) = 0 b. fC) = 0 ce. f(—2) = 3. 
32. What can be said about functions whose derivatives are constant? 


Give reasons for your answer. 


In Exercises 33-38, find all possible functions with the given 
derivative. 


33. a. y’ =x b. y’ = x? cy =x 

34. a. y’ = 2x b. y' =2x-1 c. y’ = 3x7 + 2x- 1 
te —_ 1 —_ 1 

35. a yr a se ae i la 
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1 1 
36. a. y’ = —— ae 
“Vx Vx 

37. a. y’ = sin 2t b. y’ = cos 
vf) 


: t 
ce. y = sin 2t + cos 5 


38. a. y’ = sec? 0 c. y' = VO — sec? 


ll 


In Exercises 39-42, find the function with the given derivative whose 
graph passes through the point P. 


39. f'(x) = 2x —- 1, P(0,0) 


40. @'(x) = = + 2x, P(-1,1) 
x 


41. f'(x) = e*, of. 3) 
42. r'(t) = secttant— 1, P(0,0) 


Finding Position from Velocity or Acceleration 

Exercises 43-46 give the velocity v = ds/dt and initial position of an 
object moving along a coordinate line. Find the object’s position at 
time ¢. 


43. v = 9.8t + 5, s(0) = 10 
44. v = 32t— 2, s(0.5)=4 
45. sin wt, s(0) = 0 


46. v = 2 cos a s(7) = 1 


Uv 
Uv 


ll 


Exercises 47-50 give the acceleration a = d*s/dt*, initial velocity, 
and initial position of an object moving on a coordinate line. Find the 
object’s position at time f. 


47. a=e', v(0) = 20, s(0) =5 
48. a= 9.8, v(0)=—3, s(0)=0 


49. a=—4sin2t, v(0) = 2, s(0) = —3 
9 3t 

50. a 7 cos7, v(0)=0, s(0)=—-1 

Applications 


51. Temperature change It took 14 sec for a mercury thermometer 
to rise from —19°C to 100°C when it was taken from a freezer 
and placed in boiling water. Show that somewhere along the way 
the mercury was rising at the rate of 8.5°C/sec. 


52. A trucker handed in a ticket at a toll booth showing that in 2 hours 
she had covered 159 mi on a toll road with speed limit 65 mph. 
The trucker was cited for speeding. Why? 


53. Classical accounts tell us that a 170-oar trireme (ancient Greek or 
Roman warship) once covered 184 sea miles in 24 hours. Explain 
why at some point during this feat the trireme’s speed exceeded 
7.5 knots (sea or nautical miles per hour). 


54. A marathoner ran the 26.2-mi New York City Marathon in 2.2 hours. 
Show that at least twice the marathoner was running at exactly 11 
mph, assuming the initial and final speeds are zero. 


55. Show that at some instant during a 2-hour automobile trip the car’s 
speedometer reading will equal the average speed for the trip. 


56. Free fallon the moon On our moon, the acceleration of gravity 
is 1.6 m/sec’. If a rock is dropped into a crevasse, how fast will it 
be going just before it hits bottom 30 sec later? 


Theory and Examples 

57. The geometric mean of a and b The geometric mean of 
two positive numbers a and b is the number Vab. Show that 
the value of c in the conclusion of the Mean Value Theorem 
for f(x%)=1/x on an interval of positive numbers 
[a,b] isc = Vab. 

58. The arithmetic mean of a and b_ The arithmetic mean of two 
numbers a and b is the number (a + b)/2. Show that the value of 
c in the conclusion of the Mean Value Theorem for f(x) = x? on 
any interval [a,b] isc = (a + b)/2. 


59. Graph the function 
f(x) = sin x sin (x + 2) — sin? (x + 1). 


What does the graph do? Why does the function behave this way? 
Give reasons for your answers. 


60. Rolle’s Theorem 


a. Construct a polynomial f(x) that has zeros at x = —2,—1, 0, 
1, and 2. 


b. Graph f and its derivative f’ together. How is what you see 
related to Rolle’s Theorem? 

c. Do g(x) = sin x and its derivative g’ illustrate the same phe- 
nomenon as f and f'? 

61. Unique solution Assume that f is continuous on [a,b] and 
differentiable on (a, b). Also assume that f(a) and f(b) have 
opposite signs and that f’ # 0 between a and b. Show that 
f(x) = 0 exactly once between a and b. 

62. Parallel tangents Assume that f and g are differentiable on 
[a,b] and that f(a) = g(a) and f(b) = g(b). Show that there is 
at least one point between a and b where the tangents to the 
graphs of f and g are parallel or the same line. Illustrate with a 
sketch. 

63. Suppose that f'(x) = 1 for 1 =x = 4. Show that f(4)—- 
f(Q) = 3. 

64. Suppose that 0 < f’(x) < 1/2 for all x-values. Show that f(—1) < 
fa) <2+ fCd. 

65. Show that |cosx — 1] < |x| for all x-values. (Hint: Consider 
f@ = cost on [0,x].) 

66. Show that for any numbers a and J, the sine inequality |sinb — 
sina| = |b — a| is true. 

67. If the graphs of two differentiable functions f(x) and g(x) start at 
the same point in the plane and the functions have the same rate 
of change at every point, do the graphs have to be identical? Give 
reasons for your answer. 

68. If |f(w) — f@)| < |w — x| for all values w and x and f is a dif- 
ferentiable function, show that —1 = f'(x) S 1 for all x-values. 

69. Assume that f is differentiable on a = x = band that f(b) < f(a). 
Show that f’ is negative at some point between a and b. 

70. Let f be a function defined on an interval [a,b]. What condi- 
tions could you place on f to guarantee that 


ate ft) - fo) Bead 


where min f’ and max f’ refer to the minimum and maximum 
values of f’ on [ a, b] ? Give reasons for your answers. 


71. 


72. 


13% 


74. 


Use the inequalities in Exercise 70 to estimate f(0.1) if f'(x~) = 
1/(1 + x*cos x) for 0 S x S 0.1 and f(0) = 1. 


Use the inequalities in Exercise 70 to estimate f(0.1) if f'(x) = 
1/(1 — x) for 0 S x S 0.1 and f(O) = 2. 


Let f be differentiable at every value of x and suppose that 
fC) = 1, that f’ < 0 on (—o, 1), and that f’ > 0 on (1, 00). 


a. Show that f(x) = 1 for all x. 
b. Must f’(1) = 0? Explain. 


Let f(x) = px? + gx +r be a quadratic function defined on a 
closed interval [ a, b |. Show that there is exactly one point c in (a, b) 
at which f satisfies the conclusion of the Mean Value Theorem. 


4.3 Monotonic Functions and the First Derivative Test 


75. 


76. 


77. 
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Use the same-derivative argument, as was done to prove the 
Product and Power Rules for logarithms, to prove the Quotient 
Rule property. 


Use the same-derivative argument to prove the identities 


= = 7 2 _ 7 
a. tan! x + coll x = > b. sect x + csc hx = > 
Starting with the equation e"e? = e"1™, derived in the text, 
show that e* = 1/e* for any real number x. Then show that 


e/e2 = e™ for any numbers x, and x. 
1 2 


. Show that (e")? = e* = (e%)" for any numbers x, and x. 


AS Monotonic Functions and the First Derivative Test 


In sketching the graph of a differentiable function, it is useful to know where it increases 
(rises from left to right) and where it decreases (falls from left to right) over an interval. This 
section gives a test to determine where it increases and where it decreases. We also show how 
to test the critical points of a function to identify whether local extreme values are present. 


Increasing Functions and Decreasing Functions 


As another corollary to the Mean Value Theorem, we show that functions with positive 
derivatives are increasing functions and functions with negative derivatives are decreasing 
functions. A function that is increasing or decreasing on an interval is said to be mono- 


tonic on the interval. 


(a, b). 


Proof 


COROLLARY 3 Suppose that f is continuous on [ a, b] and differentiable on 


If f’(x) > 0 at each point x € (a, b), then f is increasing on [ a, b]. 


If f'(x) < 0 at each point x € (a, b), then f is decreasing on [ a, b]. 


Let x, and x, be any two points in [a,b] with x, < x5. The Mean Value Theo- 


rem applied to f on [x,, x] says that 


f(%) — f@) = f'(OQ - x) 


for some c between x, and x,. The sign of the right-hand side of this equation is the same 
as the sign of f’(c) because x. — x, is positive. Therefore, f(x.) > f(x,) if f’ is positive 
on (a, b) and f(x,) < f(x) if f’ is negative on (a, b). | 


Corollary 3 tells us that f(x) = Vx is increasing on the interval [0,5] for any 
b > 0 because f’(x) = 1/ Vx is positive on (0, b). The derivative does not exist at x = 0, 
but Corollary 3 still applies. The corollary is valid for infinite as well as finite intervals, so 
f(x) = Vx is increasing on [ 0, 00). 

To find the intervals where a function f is increasing or decreasing, we first find all of 
the critical points of f. If a < b are two critical points for f, and if the derivative f’ is 
continuous but never zero on the interval (a, b), then by the Intermediate Value Theorem 
applied to f’, the derivative must be everywhere positive on (a, b), or everywhere negative 
there. One way we can determine the sign of f’ on (a, b) is simply by evaluating the 
derivative at a single point c in (a, b). If f’(c) > 0, then f’(x) > 0 for all x in (a, b) so f 
is increasing on [a,b] by Corollary 3; if f’(c) < 0, then f is decreasing on [a,b]. The 
next example illustrates how we use this procedure. 
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y = a 
y yrx 12x 5 


(2, —21) 


FIGURE 4.20 The function f(x) = 
x? — 12x — 5 is monotonic on three 
separate intervals (Example 1). 


HISTORICAL BIOGRAPHY 
Edmund Halley 


(1656-1742) 


Absolute min 


EXAMPLE 1 Find the critical points of f(x) = x7 — 12x — 5 and identify the open 
intervals on which f is increasing and on which f is decreasing. 


Solution The function f is everywhere continuous and differentiable. The first derivative 
f'(x) = 3x? — 12 = 3@? -— 4) 
= 3(x + 2)(x — 2) 


is zero at x = —2 and x = 2. These critical points subdivide the domain of f to create non- 
overlapping open intervals (—Co, —2), (—2, 2), and (2, 00) on which f’ is either positive or 
negative. We determine the sign of f’ by evaluating f’ at a convenient point in each subin- 
terval. The behavior of f is determined by then applying Corollary 3 to each subinterval. 
The results are summarized in the following table, and the graph of f is given in Figure 4.20. 


Interval —o0 <x <-2 =2< 452 2<x< © 
f' evaluated f'(-3) = 15 f'() =—-12 f'GB) = 15 
Sign of f’ + a + 
increasing decreasing increasing 
Behavior of f ———— |, |) OE > 


=—3 =2 v=] 0 1 2 3 


Oo 
We used “strict” less-than inequalities to identify the intervals in the summary table 
for Example |, since open intervals were specified. Corollary 3 says that we could use = 
inequalities as well. That is, the function f in the example is increasing on —CO < x = —2, 
decreasing on —2 = x = 2, and increasing on 2 = x < 00, We do not talk about whether 
a function is increasing or decreasing at a single point. 


First Derivative Test for Local Extrema 


In Figure 4.21, at the points where f has a minimum value, f’ < 0 immediately to the left 
and f’ > 0 immediately to the right. (If the point is an endpoint, there is only one side to 
consider.) Thus, the function is decreasing on the left of the minimum value and it is 
increasing on its right. Similarly, at the points where f has a maximum value, f’ > 0 
immediately to the left and f’ < 0 immediately to the right. Thus, the function is increas- 
ing on the left of the maximum value and decreasing on its right. In summary, at a local 
extreme point, the sign of f’(x) changes. 


Absolute max 
Sf’ undefined 
Local max 


f' =0 


No extremum 
f'=0 


No extremum 
f'=0 


a) 


; Local min 


| | 

I | 

! | 

| | 

! | 

L L >x 
1 C> C3 C4 C5 b 


| 
| 
| 
| 
| 
| 
| 
| 
! 
c 


a 


FIGURE 4.21 The critical points of a function locate where it is increasing and where it is decreasing. The 


first derivative changes sign at a critical point where a local extremum occurs. 


These observations lead to a test for the presence and nature of local extreme values 
of differentiable functions. 


y = x3 — 4) 


FIGURE 4.22 The function f(x) = 
x'/3(x — 4) decreases when x < 1 and 
increases when x > 1 (Example 2). 
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First Derivative Test for Local Extrema 

Suppose that c is a critical point of a continuous function f, and that f is differ- 
entiable at every point in some interval containing c except possibly at c itself. 
Moving across this interval from left to right, 

1. if f’ changes from negative to positive at c, then f has a local minimum at c; 

2. if f’ changes from positive to negative at c, then f has a local maximum at c; 


3. if f’ does not change sign at c (that is, f’ is positive on both sides of c or 
negative on both sides), then f has no local extremum at c. 


The test for local extrema at endpoints is similar, but there is only one side to consider in 
determining whether f is increasing or decreasing, based on the sign of f’. 


Proof of the First Derivative Test Part (1). Since the sign of f’ changes from nega- 
tive to positive at c, there are numbers a and b such that a < c < b, f’ < 0 on (a,c), and 
f' > 00n (c, b). If x € (a, c), then f(c) < f(x) because f’ < 0 implies that f is decreas- 
ing on [a,c]. If x e(c, b), then f(c) < f(x) because f’ > 0 implies that f is increasing 
on [c,b]. Therefore, f(x) = f(c) for every x € (a, b). By definition, f has a local mini- 
mum at c. 

Parts (2) and (3) are proved similarly. B 


EXAMPLE 2 Find the critical points of 
f@ = xB, — 4) = x43 — 4y!/3, 


Identify the open intervals on which f is increasing and decreasing. Find the function’s 
local and absolute extreme values. 


Solution The function f is continuous at all x since it is the product of two continuous 
functions, x!/? and (x — 4). The first derivative 


yy — 4 (4/3 i, . 4.13 . 49,5 
f'@ dx & Ax'/°) 3% 3% 


4 


24 ihe xiye A(x — 1) 


3 2/3 

is zero at x = 1 and undefined at x = 0. There are no endpoints in the domain, so the 

critical points x = 0 and x = 1 are the only places where f might have an extreme value. 
The critical points partition the x-axis into open intervals on which f’ is either posi- 

tive or negative. The sign pattern of f’ reveals the behavior of f between and at the critical 

points, as summarized in the following table. 


Interval x<0 0<x<1 x>1 
Sign of f’ - aa + 
decreasing decreasing increasing 
Behavior of f ir 
=] 0 1 2 


Corollary 3 to the Mean Value Theorem implies that f decreases on (—©9, 0), 
decreases on (0, 1), and increases on (1, 00). The First Derivative Test for Local Extrema 
tells us that f does not have an extreme value at x = 0 (f’ does not change sign) and that 
f has a local minimum at x = 1 (f’ changes from negative to positive). 

The value of the local minimum is f(1) = 1'/3(1 — 4) = —3. This is also an absolute 
minimum since f is decreasing on (—0©<, |) and increasing on (1, 0%). Figure 4.22 shows 
this value in relation to the function’s graph. 

Note that lim,_.,) f’(x) = —0©°, so the graph of f has a vertical tangent at the origin. 

a 
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EXAMPLE 3 


Find the critical points of 


f(x) = (x? — 3)e*. 


Identify the open intervals on which f is increasing and decreasing. Find the function’s 
local and absolute extreme values. 


Solution The function f is continuous and differentiable for all real numbers, so the 
critical points occur only at the zeros of f’. 
Using the Derivative Product Rule, we find the derivative 


f'(a) = G2 3)-Ret + £2 — 3) ret 


= (x? — 3)+e* + (2x) e* 
= (x2 + 2x — 3)e. 


Since e* is never zero, the first derivative is zero if and only if 


h Y=? — Bex 


w2+2x-3=0 
(x + 3)(x — 1) = 0. 


The zeros x = —3 and x = | partition the x-axis into open intervals as follows. 
Interval x= =3 —-3<x< 1 l<x 
i 4 Sign of f’ + - + 
>X 
—5 -—4 -3 -2 2 3 : : . : : 
increasing decreasing increasing 
Behavior of f ——e-, |, ore "> + 
3 2 1 0 1 2. 3 
We can see from the table that there is a local maximum (about 0.299) at x = —3 and 
-6b a local minimum (about —5.437) at x = 1. The local minimum value is also an abso- 


lute minimum because f(x) > 0 for |x| > 
function increases on (—O,—3) and (1,0) and decreases on (—3, 1). Figure 4.23 


FIGURE 4.23 The graph of 
f(x) = (x? — 3)e* (Example 3). 


Exercises 4.3 | 


Analyzing Functions from Derivatives 
Answer the following questions about the functions whose derivatives 
are given in Exercises 1-14: 


shows the graph. 


a. What are the critical points of f? 
b. On what open intervals is f increasing or decreasing? 


c. At what points, if any, does f assume local maximum and mini- 
mum values? 


1. f'(x%) = x@ — 1) 2. f'@) = @—- Da + 2) 
3. f(x) = & -— 1% + 2) 4. f(x) = @ -— 1° + 2)? 
5. f'@) = (« - De 
6. f’'(x) = (« — 7x + Di + 5) 

: x(x — 1) 
7. fix = yoo.” * 2 

, (x — 2)(x + 4) 
8. FO) = @F De —3)’ x 1,3 

4 6 


KS fFf@=H1l=— 3, «70 1 f@=3-—B, x70 
x 


Vx 


3. There is no absolute maximum. The 


1. f’(x) = x! + 2) 12. f(x) = x 2a - 3) 
13. f'(x) = (sinx — I)cosx + 1),,0S x S 27 

14. f'(x) = (sin x + cos x)(sinx — cosx),0 S x S 27 
Identifying Extrema 

In Exercises 15-44: 


a. Find the open intervals on which the function is increasing and 
decreasing. 

b. Identify the function’s local and absolute extreme values, if 
any, saying where they occur. 


15. y 16. y 


19. gf) =-? — 3+ 3 20. ef) = -37 + 9+ 5 
21. h(x) = —x3 + 2x? 22. h(x) = 2x3 — 18x 
23. f(0) = 367 — 403 24. f(0) = 60 —- @ 
25. f(r) = 33 + lor 26. A(r) = (r +7) 
27. f(x) = x* — 8x? + 16 28. 9(x) = x4 — 4x3 + 4x? 
29. H(t) = te — 7 30. K(t) = 158 -— 
31. fa) =x-6Vx—1 32. g(x) = 4Vx — 2x2 + 3 
33. 9(x) = xV8 — x 34. e(x) = 2x°V5— x 
35. f(x) = v= 3 x42 36. f(x) = a 

x 3x2 + 1 
37. f(x) = x'/3(x + 8) 38. 9(x) = x7/3(x + 5) 
39. A(x) = x!3(x2 — 4) 40. k(x) = 2202 — 4) 
Al. f(x) = 2 + 42. f(x) = ev? 
43. f(x) = xInx 44. f(x) = x7 Inx 
In Exercises 45—56: 


a. Identify the function’s local extreme values in the given 
domain, and say where they occur. 


b. Which of the extreme values, if any, are absolute? 


T|c. Support your findings with a graphing calculator or computer 
grapher. 

45. f(x) = 2x — x7, -oo<x=2 
46. fx) =(w+ 17, -O<x<0 
47. ox) =x’ — 4x +4, 1S=x<o 
48. 9(x) = —x* — 6x -—9, -4 <5 x< co 
49. fi) = 12t- P, -3 St< ow 
50. f) =P -3P, -o<1r<s3 

3 
51. hig) = = De? + 4, 0<x<o 
52. k(x) = x3 + 3x7 + 3x41, -co<x=0 
53. f®) = V25-— x7, -5sx=55 
54. f(x) = Vx? -— 2x —- 3, 3S x< 00 
55. gx) =", O<x<1 

x= I 

a) 

56. 8X) = 7 —2<x=1 
In Exercises 57-64: 


a. Find the local extrema of each function on the given interval, 
and say where they occur. 


b. Graph the function and its derivative together. Comment on the 


behavior of f in relation to the signs and values of f’. 
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57. 
58. 
59. 


60. 


61. 


62. 
63. 


64. 
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f(x) = sin2x, OSxs7 
f(x) = sinx — cosx, OS x S27 
f(x) = V3 cosx + sinx, 0<x<27 


—7 7 
= t <x< 
f@) 2x + tan x, 5) x ) 
(x) =+-2sin*, 0<x<27 
2 2 

x) =—2cosx — cos?x, -7rix=a7 
f(x) 
f(x) = ese? x — 2cotx, O<x<7 

Od =i eee te 
f(x) = sec’ x — 2 tan x, 7) Ft eae 5) 


Theory and Examples 

Show that the functions in Exercises 65 and 66 have local extreme 
values at the given values of 0, and say which kind of local extreme 
the function has. 


65. 


66. 
67. 


68. 


69. 


70. 


71. 


72. 


73% 


74. 


h(@) = 3.c0s 8, 050527, atO = Oandd = 27 


h(@) = 5 sin . 


Sketch the graph of a differentiable function y = f(x) through 
the point (1, 1) if f’(1) = 0 and 

a. f'(x) > Oforx < land f'(x) < Oforx > 1; 

b. f'(x) < Oforx < 1 and f’(x) > Oforx > 1; 

ce. f'(x) > Oforx 4 1; 

d. f'(x) < Oforx # 1. 

Sketch the graph of a differentiable function y = f(x) that has 


OS 6087, 


at@ = Oandd = 7 


a. alocal minimum at (1, 1) and a local maximum at (3, 3); 

b. a local maximum at (1, 1) and a local minimum at (3, 3); 

c. local maxima at (1, 1) and (3, 3); 

d. local minima at (1, 1) and (3, 3). 

Sketch the graph of a continuous function y = g(x) such that 

a. 9(2) = 2,0 < g' < lforx <2, g(x) > 1 asx>2, 
—1 < g’ < Oforx > 2, and g(x) ~—-1¢ as x > 2°; 

b. g(2) = 2,9’ < Oforx < 2, g'(x) ~-Was x2, 
g’ > Oforx > 2, and g'(x) > asx— 2". 

Sketch the graph of a continuous function y = h(x) such that 

a. h(O) = 0,-2 S A(x) S 2 for all x, h'(x) ~~ asx 0, 
and h'(x) ~©asx— 01; 

b. h(0) = 0,-2 S h®) S O for all x, h'(x) ~~asx> 07 
and h'(x) ~—00 as x > 0°. 

Discuss the extreme-value behavior of the function f(x) = 

x sin (1/x), x ~ 0. How many critical points does this function 

have? Where are they located on the x-axis? Does f have an abso- 


lute minimum? An absolute maximum? (See Exercise 49 in 
Section 2.3.) 


Find the open intervals on which the function f(x) = ax? + 
bx + c, a #0, is increasing and decreasing. Describe the 
reasoning behind your answer. 


Determine the values of constants a and b so that f(x) = 
ax? + bx has an absolute maximum at the point (1, 2). 


Determine the values of constants a, b, c, and d so that 
f(x) = ax? + bx? + cx + d has a local maximum at the point 
(0, 0) and a local minimum at the point (1,—1). 
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75. Locate and identify the absolute extreme values of 79. Find the absolute maximum value of f(x) = x?In(1/x) and say 


a. In (cos x) on [—7/4, 7/3], 
b. cos (In x) on [ 1/2, 2]. 


where it is assumed. 
80. a. Prove thate*? = 1+ xifx = 0. 


76. a. Prove that f(x) = x — Inx is increasing for x > 1. b. Use the result in part (a) to show that 


b. Using part (a), show that Inx < xifx > 1. 


77. Find the absolute maximum and minimum values of f(x) = 


e* — 2x on [0,1]. 


78. Where does the periodic function f(x) = 2e%"°/?) take on its 
extreme values and what are these values? 


y 


y=2e 


eS ltr tie 


81. Show that increasing functions and decreasing functions are one- 
to-one. That is, show that for any x, and x in J, x. # x, implies 
FQ) A fOr). 

Use the results of Exercise 81 to show that the functions in Exercises 

82-86 have inverses over their domains. Find a formula for df~!/dx 

using Theorem 3, Section 3.8. 

82. f(x) = (1/3)x + (5/6) 83. f(x) = 27x7 

84. f(x) = 1 -— 8x3 85. f(x) = (1 — x) 


sin (x/2) 


86. f(x) = 


4.4 Concavity and Curve Sketching 


>< 


FIGURE 4.24 The graph of f(x) = x* 
is concave down on (—©9, 0) and concave 


up on (0, 00) (Example 1a). 


We have seen how the first derivative tells us where a function is increasing, where it is 
decreasing, and whether a local maximum or local minimum occurs at a critical point. In 
this section we see that the second derivative gives us information about how the graph of 
a differentiable function bends or turns. With this knowledge about the first and second 
derivatives, coupled with our previous understanding of symmetry and asymptotic behav- 
ior studied in Sections 1.1 and 2.6, we can now draw an accurate graph of a function. By 
organizing all of these ideas into a coherent procedure, we give a method for sketching 
graphs and revealing visually the key features of functions. Identifying and knowing the 
locations of these features is of major importance in mathematics and its applications to 
science and engineering, especially in the graphical analysis and interpretation of data. 


Concavity 


As you can see in Figure 4.24, the curve y = x° rises as x increases, but the portions 
y: 


defined on the intervals (—09, 0) and (0, 00) turn in different ways. As we approach the 
origin from the left along the curve, the curve turns to our right and falls below its tan- 
gents. The slopes of the tangents are decreasing on the interval (—°o, 0). As we move 
away from the origin along the curve to the right, the curve turns to our left and rises above 
its tangents. The slopes of the tangents are increasing on the interval (0, 00). This turning 
or bending behavior defines the concavity of the curve. 


DEFINITION The graph of a differentiable function y = f(x) is 


(a) concave up on an open interval / if f’ is increasing on /; 


(b) concave down on an open interval Jif f’ is decreasing on J. 


If y = f(x) has a second derivative, we can apply Corollary 3 of the Mean Value Theorem 
to the first derivative function. We conclude that f’ increases if f” > 0 on J, and decreases 
if f" < 0. 


FIGURE 4.25 The graph of f(x) = x? 
is concave up on every interval 
(Example 1b). 


y=3+sinx 


FIGURE 4.26 Using the sign of y” to 


determine the concavity of y (Example 2). 
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The Second Derivative Test for Concavity 


Let y = f(x) be twice-differentiable on an interval /. 


1. If f’ > 0 on/, the graph of f over J is concave up. 
2. If f” < 0 on/, the graph of f over J is concave down. 


If y = f(x) is twice-differentiable, we will use the notations f” and y” interchangeably 
when denoting the second derivative. 


EXAMPLE 1 
(a) The curve y = x (Figure 4.24) is concave down on (—©%, 0) where y” = 6x < 0 and 
concave up on (0, 00) where y” = 6x > 0. 


(b) The curve y = x* (Figure 4.25) is concave up on (—09, 00) because its second deriva- 
tive y" = 2 is always positive. | 


EXAMPLE 2 _ Determine the concavity of y = 3 + sin xon [0, 27]. 


Solution The first derivative of y = 3 + sin x is y’ = cos x, and the second derivative 
is y’ = —sin x. The graph of y = 3 + sin x is concave down on (0, 77), where y” = —sin x 
is negative. It is concave up on (77, 277), where y” = —sin x is positive (Figure 4.26). li 


Points of Inflection 


The curve y = 3 + sinx in Example 2 changes concavity at the point (77, 3). Since the 
first derivative y’ = cos x exists for all x, we see that the curve has a tangent line of slope 
—1 at the point (7, 3). This point is called a point of inflection of the curve. Notice from 
Figure 4.26 that the graph crosses its tangent line at this point and that the second deriva- 
tive y” = —sinx has value 0 when x = 7. In general, we have the following definition. 


DEFINITION A point (c, f(c)) where the graph of a function has a tangent line 
and where the concavity changes is a point of inflection. 


We observed that the second derivative of f(x) = 3 + sin x is equal to zero at the 
inflection point (7, 3). Generally, if the second derivative exists at a point of inflection 
(c, f(c)), then f"(c) = 0. This follows immediately from the Intermediate Value Theorem 
whenever f” is continuous over an interval containing x = c because the second deriva- 
tive changes sign moving across this interval. Even if the continuity assumption is dropped, 
it is still true that f’(c) = 0, provided the second derivative exists (although a more 
advanced argument is required in this noncontinuous case). Since a tangent line must exist 
at the point of inflection, either the first derivative f'(c) exists (is finite) or the graph has a 
vertical tangent at the point. At a vertical tangent neither the first nor second derivative 
exists. In summary, we conclude the following result. 


At a point of inflection (c, f(c)), either f"(c) = 0 or f’(c) fails to exist. 


The next example illustrates a function having a point of inflection where the first 
derivative exists, but the second derivative fails to exist. 
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y 


Point of 
inflection 


FIGURE 4.27 The graph of f(x) = x°/3 
has a horizontal tangent at the origin where 
the concavity changes, although f” does 
not exist at x = 0 (Example 3). 


FIGURE 4.28 The graph of y = x* 
has no inflection point at the origin, even 
though y” = 0 there (Example 4). 


> 


Point of 


. : ye 
inflection 


FIGURE 4.29 A point of inflection 
where y’ and y” fail to exist (Example 5). 


EXAMPLE 3 The graph of f(x) = x°/* has a horizontal tangent at the origin because 
f'(x) = (5/3)x?/3 = 0 when x = 0. However, the second derivative 


” d (5 27 10 1/3 
p= 2 (3x ie o* 


fails to exist at x = 0. Nevertheless, f’(x) < 0 for x < 0 and f"(x) > 0 for x > 0, so 
the second derivative changes sign at x = 0 and there is a point of inflection at the origin. 
The graph is shown in Figure 4.27. Oo 


Here is an example showing that an inflection point need not occur even though both 
derivatives exist and f” = 0. 


EXAMPLE 4 ~The curve y = x“ has no inflection point at x = 0 (Figure 4.28). Even 
though the second derivative y” = 12x? is zero there, it does not change sign. a 


As our final illustration, we show a situation in which a point of inflection occurs at a 
vertical tangent to the curve where neither the first nor the second derivative exists. 


EXAMPLE 5 The graph of y = x!/? has a point of inflection at the origin because the 
second derivative is positive for x < 0 and negative for x > 0: 


na © tap d (1-13 _ 2-5/3 
oS =. 3% = ox. 


However, both y’ = x 7/3/3 and y” fail to exist at x = 0, and there is a vertical tangent 
there. See Figure 4.29. a 


Caution Example 4 in Section 4.1 (Figure 4.9) shows that the function f(x) = x23 does 
not have a second derivative at x = 0 and does not have a point of inflection there (there is 
no change in concavity at x = 0). Combined with the behavior of the function in Example 
5 above, we see that when the second derivative does not exist at x = c, an inflection 
point may or may not occur there. So we need to be careful about interpreting functional 
behavior whenever first or second derivatives fail to exist at a point. At such points the 
graph can have vertical tangents, corners, cusps, or various discontinuities. 


To study the motion of an object moving along a line as a function of time, we often 
are interested in knowing when the object’s acceleration, given by the second derivative, is 
positive or negative. The points of inflection on the graph of the object’s position function 
reveal where the acceleration changes sign. 


EXAMPLE 6 A particle is moving along a horizontal coordinate line (positive to the 
right) with position function 


s(t) = 22 — 14f + 22t — 5, t=0. 
Find the velocity and acceleration, and describe the motion of the particle. 
Solution The velocity is 
u(t) = s'(t) = 6? — 28t + 22 = 2¢¢ — 1)Gt — 11), 
and the acceleration is 


a(t) = v'(t) = s"(t) = 12t — 28 = 4(3r — 7). 


When the function s(f) is increasing, the particle is moving to the right; when s(f) is 
decreasing, the particle is moving to the left. 
Notice that the first derivative (v = s’) is zero at the critical points t = 1 andt = 11/3. 


f' =0,f" <0 
=> local max 


f'=0,f">0 
=> local min 
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Interval 0<r<1 1<t< 11/3 1/3<t 
Sign of v = s’ + - + 
Behavior of s increasing decreasing increasing 
Particle motion right left right 


The particle is moving to the right in the time intervals [ 0, 1) and (11/3, 0), and moving 
to the left in (1, 11/3). It is momentarily stationary (at rest) at t = 1 and t = 11/3. 
The acceleration a(t) = s(t) = 4(3t — 7) is zero when t = 7/3. 


Interval 0<t<7/3 7/3<t 
Sign of a = s” - + 
Graph of s concave down concave up 


The particle starts out moving to the right while slowing down, and then reverses and 
begins moving to the left at t = 1 under the influence of the leftward acceleration over the 
time interval [ 0, 7/3). The acceleration then changes direction at t = 7/3 but the particle 
continues moving leftward, while slowing down under the rightward acceleration. At 
t = 11/3 the particle reverses direction again: moving to the right in the same direction as 
the acceleration, so it is speeding up. a 


Second Derivative Test for Local Extrema 


Instead of looking for sign changes in f' at critical points, we can sometimes use the fol- 
lowing test to determine the presence and nature of local extrema. 


THEOREM 5—Second Derivative Test for Local Extrema Suppose f” is 
continuous on an open interval that contains x = c. 

1. If f'(c) = O and f"(c) < 0, then f has a local maximum at x = c. 

2. If f'(c) = O and f"(c) > 0, then f has a local minimum at x = c. 


3. If f'(c) = 0 and f"(c) = 0, then the test fails. The function f may have a 
local maximum, a local minimum, or neither. 


Proof Part (1). If f"(c) < 0, then f”(x) < 0 on some open interval / containing the 
point c, since f” is continuous. Therefore, f’ is decreasing on J. Since f’(c) = 0, the sign 
of f’ changes from positive to negative at c so f has a local maximum at c by the First 
Derivative Test. 

The proof of Part (2) is similar. 

For Part (3), consider the three functions y = x*, y = —x*, and y = x°. For each 
function, the first and second derivatives are zero at x = 0. Yet the function y = x* has a 
local minimum there, y = —x* has a local maximum, and y = x° is increasing in any 
open interval containing x = O (having neither a maximum nor a minimum there). Thus 
the test fails. a 


4 


This test requires us to know f” only at c itself and not in an interval about c. This 
makes the test easy to apply. That’s the good news. The bad news is that the test is incon- 
clusive if f” = 0 orif f” does not exist at x = c. When this happens, use the First Deriva- 
tive Test for local extreme values. 
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Together f’ and f” tell us the shape of the function’s graph—that is, where the critical 
points are located and what happens at a critical point, where the function is increasing and 
where it is decreasing, and how the curve is turning or bending as defined by its concavity. 
We use this information to sketch a graph of the function that captures its key features. 


EXAMPLE 7 Sketch a graph of the function 
fi) = x* — 4x3 + 10 
using the following steps. 
(a) Identify where the extrema of f occur. 
(b) Find the intervals on which f is increasing and the intervals on which f is decreasing. 
(c) Find where the graph of f is concave up and where it is concave down. 
(d) Sketch the general shape of the graph for f. 


(e) Plot some specific points, such as local maximum and minimum points, points of 
inflection, and intercepts. Then sketch the curve. 


Solution The function f is continuous since f’(x) = 4x3 — 12x? exists. The domain of 
f is (—00, CO), and the domain of f’ is also (—©9, 00). Thus, the critical points of f occur 
only at the zeros of f’. Since 


f'(x) = 4x3 — 12x? = 4x°(% — 3), 


the first derivative is zero at x = 0 and x = 3. We use these critical points to define inter- 
vals where f is increasing or decreasing. 


Interval x <0 0<x<3 3<x 
Sign of f’ - - + 
Behavior of f decreasing decreasing increasing 


(a) Using the First Derivative Test for local extrema and the table above, we see that there 
is no extremum at x = 0 and a local minimum at x = 3. 

(b) Using the table above, we see that f is decreasing on (—0o,0] and [0,3], and 
increasing on [ 3, 00). 

(c) f"(x) = 12x? — 24x = 12x(x — 2) is zero at x = 0 and x = 2. We use these points 
to define intervals where f is concave up or concave down. 


Interval x <0 0O<x<2 2<x 
Sign of f” + - + 
Behavior of f concave up concave down concave up 


We see that f is concave up on the intervals (—°9, 0) and (2, 00), and concave down 
on (0, 2). 


(d) Summarizing the information in the last two tables, we obtain the following. 


x <0 0<x<2 2<x<3 3<x 


decreasing decreasing decreasing increasing 
concave up concave down concave up concave up 
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y The general shape of the curve is shown in the accompanying figure. 
A 
decr | decr | decr 1 incr General shape 
| | | 
| | | 
conc conc conc conc 
up! down ! up! up 
Inflection 16 
oint 0 2. 3 
P SF \ I = I me I a 
I | | 
= ; 0 ; 3 >x infl infl local 
5h point point min 
Inflection 
—10} Point (e) Plot the curve’s intercepts (if possible) and the points where y’ and y” are zero. Indicate 
aid any local extreme values and inflection points. Use the general shape as a guide to sketch 
(3.%17) the curve. (Plot additional points as needed.) Figure 4.30 shows the graph of f. a 
aaa Local 
minimum The steps in Example 7 give a procedure for graphing the key features of a function. 


Asymptotes were defined and discussed in Section 2.6. We can find them for rational functions, 


FIGURE 4.30 The graph of f(x) = and the methods in the next section give tools to help find them for more general functions. 


x* — 4x3 + 10 (Example 7). 


Procedure for Graphing y = f(x) 
1. Identify the domain of f and any symmetries the curve may have. 
2. Find the derivatives y’ and y”. 


3. Find the critical points of f, if any, and identify the function’s behavior at 
each one. 


4. Find where the curve is increasing and where it is decreasing. 


5. Find the points of inflection, if any occur, and determine the concavity of the 
curve. 


6. Identify any asymptotes that may exist. 


7. Plot key points, such as the intercepts and the points found in Steps 3-5, and 
sketch the curve together with any asymptotes that exist. 


(x + 1P 


EXAMPLE 8 Sketch the graph of f(x) = aro 
x 


Solution 
1. The domain of f is (—00, 00) and there are no symmetries about either axis or the ori- 
gin (Section 1.1). 


2. Find f' and f". 


(x + 1 x-intercept at x = —1, 
fa) = —_ y-intercept (y = 1) at 
1+ x Soeaith 
(1 + x2)+2(x + 1) — (w+ 1)? 2x 
'e= = 
(+ x) 
_ 2d - 2) a 
a qd + ey Critical points: x = —1,x = 1 
; (1 + x2)2+2(-2x) — 2(1 — x2)[2C1 + 22)+2x] 
f'@) = = 
(1 + x°) 
4x(x? — 3) 
= d+x) After some algebra 


3. Behavior at critical points. The critical points occur only at x = +1 where f'(x) = 0 
(Step 2) since f’ exists everywhere over the domain of f. At x = —1, f"(-1) = 1 > 0, 
yielding a relative minimum by the Second Derivative Test. Atx = 1,f’1) =—1 < 0, 
yielding a relative maximum by the Second Derivative test. 
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4. Increasing and decreasing. We see that on the interval (—0co,—1) the derivative 
f'(x) < 0, and the curve is decreasing. On the interval (—1, 1), f(x) > O and the 
curve is increasing; it is decreasing on (1, CO) where f’(x) < 0 again. 

5. Inflection points. Notice that the denominator of the second derivative (Step 2) is 
always positive. The second derivative f” is zero when x = — V3, 0, and V3. The sec- 
ond derivative changes sign at each of these points: negative on (—00, - V3), 
positive on (-V3, 0), negative on (0, V3), and positive again on (V3, 00), Thus 
each point is a point of inflection. The curve is concave down on the interval 
(—00, -V3), concave up on (-v3, 0), concave down on (0, V3), and concave up 
again on (V3, 00), 

6. Asymptotes. Expanding the numerator of f(x) and then dividing both numerator and 
denominator by x” gives 


@+1P_ 2+%x+1 


f(x) = {eg lt+x2 Expanding numerator 
2 
» Point of inflection = Ls (2/ x) + (/ x) Dividing by x2 
V3 (1/x?) + 1 


We see that f(x) > 1* as x00 and that f(x) > 1° as x ~—oo. Thus, the line 
y = 1 isa horizontal asymptote. 
Since f decreases on (—°O,—1) and then increases on (—1, 1), we know that 


y=1 


Horizontal 


aecaapinns f(1) = 0 is a local minimum. Although f decreases on (1, 00), it never crosses the 

horizontal asymptote y = 1| on that interval (it approaches the asymptote from above). 

~¢ i > Xx So the graph never becomes negative, and f(—1) = 0 is an absolute minimum as 

Point of inflection well. Likewise, f(1) = 2 is an absolute maximum because the graph never crosses 
where x = —\/3 the asymptote y = | on the interval (—0co, — 1), approaching it from below. Therefore, 


there are no vertical asymptotes (the range of f is 0 = y = 2). 


FIGURE 4.31 The graphof y = & 


> 7. The graph of f is sketched in Figure 4.31. Notice how the graph is concave down as it 
approaches the horizontal asymptote y = 1 as x—»—0o, and concave up in its 


rExemple® approach to y = | as x > 00. | 


EXAMPLE 9 Sketch the graph of f(x) = *t-4. 


2% 
Solution 
1. The domain of f is all nonzero real numbers. There are no intercepts because neither x 
nor f(x) can be zero. Since f(—x) = —f(x), we note that f is an odd function, so the 


graph of f is symmetric about the origin. 


2. We calculate the derivatives of the function, but first rewrite it in order to simplify our 


computations: 

x +4 x ,2 

f@ = wm 2 a x Function simplified for differentiation 
1 2 x -4 
f'@® = 5) 7 ie Combine fractions to solve easily f’(x) = 0. 
x 2 
” — 4 . . . 

f"@® = 3 Exists throughout the entire domain of f 


3. The critical points occur at x = +2 where f’(x) = 0. Since f"(—2) < 0 and 
f"(2) > 0, we see from the Second Derivative Test that a relative maximum occurs 
at x = —2 with f(—2) = —2, and a relative minimum occurs at x = 2 with 


f(2) = 2. 


; y= x2 +4 
aL 2x 
(2, 2) 
[ aes 
y= 5 
L ! ! [og 
—4 =), 0 2 4 
—2 ass 
aaa 
2 
FIGURE 4.32 The graph of y = 7 os . 
(Example 9). 
y 
5) y= e2/x 
4 = 
3 bs 
Inflection 9L 
point y=1 
+ 
ee ! i 


=2. 1 0 1 2. 3 


FIGURE 4.33 The graph of y = e?/* 
has a point of inflection at (—1, e). 
The line y = 1 is a horizontal asymptote 
and x = 0 isa vertical asymptote 
(Example 10). 
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4. On the interval (—oo,—2) the derivative f’ is positive because x* — 4 > 0 so the 
graph is increasing; on the interval (—2, 0) the derivative is negative and the graph is 
decreasing. Similarly, the graph is decreasing on the interval (0, 2) and increasing on 
(2, 00). 

5. There are no points of inflection because f"(x) < 0 whenever x < 0, f"(x) > 0 
whenever x > 0, and f” exists everywhere and is never zero throughout the domain 
of f. The graph is concave down on the interval (—°°, 0) and concave up on the 
interval (0, Co). 


6. From the rewritten formula for f(x), we see that 


im, (3 + 2) = +00 and Jim (3 + 2) = —00, 


so the y-axis is a vertical asymptote. Also, as x — ©O or as x —> —00, the graph of f(x) 
approaches the line y = x/2. Thus y = x/2 is an oblique asymptote. 


7. The graph of f is sketched in Figure 4.32. im 


EXAMPLE 10 Sketch the graph of f(x) = e?/*. 


Solution The domain of f is (-00, 0)LU(0, ©) and there are no symmetries about either 
axis or the origin. The derivatives of f are 


, ; 2 2 2/x 
py = es(-3) = z 


Xx 


and 


x?(2e?/*)(—2/x?) — 2e7/"(2x)  4e2/*(1 + x) 
f"@) rl = 4. 


Xx xX 


Both derivatives exist everywhere over the domain of f. Moreover, since e7/* and x? are 
both positive for all x # 0, we see that f’ < 0 everywhere over the domain and the graph 
is everywhere decreasing. Examining the second derivative, we see that f”(x) = 0 at 
x =—1. Since e?/* > 0 and x* > 0, we have f” < 0 for x < —1 and f” > 0 for 
x >-—1,x # 0. Therefore, the point (—1, e-)isa point of inflection. The curve is con- 
cave down on the interval (—00, — 1) and concave up over (—1, 0) U (0, &%). 

From Example 7, Section 2.6, we see that lim,_.9- f(x) = 0. As x > 0*, we see that 
2/x— 00, so lim,.9+f(x) = CO and the y-axis is a vertical asymptote. Also, as 
x—>—00 or x > 00, 2/x > 0 and so lim, co f(x) = lim,+of(x) = e° = 1. Therefore, 
y = 1 isa horizontal asymptote. There are no absolute extrema, since f never takes on the 
value 0 and has no absolute maximum. The graph of f is sketched in Figure 4.33. f 


Graphical Behavior of Functions from Derivatives 


As we saw in Examples 7-10, we can learn much about a twice-differentiable function 
y = f(x) by examining its first derivative. We can find where the function’s graph 
rises and falls and where any local extrema are located. We can differentiate y’ to 
learn how the graph bends as it passes over the intervals of rise and fall. We can determine 
the shape of the function’s graph. Information we cannot get from the derivative is 
how to place the graph in the xy-plane. But, as we discovered in Section 4.2, the only 
additional information we need to position the graph is the value of f at one point. 
Information about the asymptotes is found using limits (Section 2.6). The following 
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figure summarizes how the first derivative and second derivative affect the shape of a 


graph. 


Differentiable => 
smooth, connected; graph 
may rise and fall 


a. 


y” > 0= concave up 
throughout; no waves; graph 
may rise or fall 


Oe 


y’ changes sign => graph 
has local maximum or local 
minimum 


Exercises 4,4 | 


y=f@ 


y' > 0=> rises from 
left to right; 
may be wavy 


pa 


y” <0= concave down 
throughout; no waves; 
graph may rise or fall 


y’ =0 and y’<0 
at a point; graph has 
local maximum 


y’ <0= falls from 
left to right; 
may be wavy 


f 


y” changes sign at an 
inflection point 


y’ =0 and y”>0 
at a point; graph has 
local minimum 


Analyzing Functions from Graphs - 5. ued Mae 2a 20 6. eT ee ne 

Identify the inflection points and local maxima and minima of the i 3 2 

functions graphed in Exercises 1-8. Identify the intervals on which - 

the functions are concave up and concave down. 

1. Cae 1 2. x4 2 
=X —ay41 = 924 
Ir 7 9 3 ae ax + 4 = at ; x 
y y 3 3 
7. y = sin|x|, -20 SxS 20 * y=2cosx —V/2x, nsxs*t 
x J. 
0 
a x 
° 0 
3. y= 30 = 123 4, y= 9 132 =7) NOT TO SCALE 
y y 7 . 
A Graphing Functions 
In Exercises 9-58, identify the coordinates of any local and absolute 
extreme points and inflection points. Graph the function. 
a >Xx ; >x 9 y=x?-— 4x +3 10. y=6-—2x- x 

HW. y= x - 3x43 12. y = x(6 — 2x) 
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13. y = —2x3 + 6x? — 3 14. y= 1 —- 9x — 6x? — 3 65. y' = (8x — 5x°*)(4— x) 66. y’ = (x? — 2x)\(x — 5P* 
15. y=(@- 27 +1 67. y' = sec? x, =. <2 
16. y=1-—(x+ 19 pa Ps 
17. y = x4 — 2x2 = x22 — 2) 68. y’ = tan x, 5) <x< 5) 
18. y = —x* + 6x7 — 4 = °(6 — x*) — 4 69. y’ = cot 8, 0<0<27 70. yl = esc, 0<0<27 
19. y=4P -—at=4-<x 
: 71. y' =tan?@—1, —2<@< 2 
20. y = xt + 2x3 = x(x + 2) 2 2 
21. y= ro) 5x4 = x(x 5) 72. y’ =1- cot? 0, 0<0<7 
. 4 73. y' =cost, OS tS 27 
2. y=x($-5) 74. y =sint, O<t<20 
23. y=xtsinx, OSxS 27 By =@+ iy 76. y' = («— 23 
24. y=x—sinx, OS x<20 77. y' = xx — 1) 78. y =x “Pa + 1) 
25. y = V3x — 2cos x, O=fx=2r 79, tothe x=0 
4 —T 7 2x, x>0 
26. y x — tan x, <I 
3 2: 2 aa ; i x=0 
27. y=sinxcosx, OSx57 = x, x«x>0 


28. y = cosx + V3sinx, O<x<27 
Sketching y from Graphs of y’ and y’” 


29, y= xt 0. y =x 
oe ae Each of Exercises 81-84 shows the graphs of the first and second 
si y= x 32. y= V1 — x? derivatives of a function y = f(x). Copy the picture and add to it a 
“4 ye +1 “* 2% + 1 sketch of the approximate graph of f, given that the graph passes 
through the point P. 
33. y = 2x — 3x73 34, y = 5x7/5 — 2x 
— 2/3f 2 _ = 2/3ry 
35. y=x 7% 36. y = x(x — 5) 
37. y= xV8 —- x? 38. y = (2 — x3? 
39. y= V6 —- & 40. y= +2 
i 
a1. y == 42. y= V8 41 
8x BY) 
43. y= 44. y= 
ye +4 YO +5 
45. y = |x? - 1 46. y = |x? — 2 
Ve 0 
47. y= V\{x| = ; 
y= Vel Wa =0 
48. y= V|x—4| 
49. y = xel/* 50. y= 84. 
51. y = In( — x?) 52. y = x(Inx)* 
53. y = e& — 2e* — 3x 54. y = xe* 
Inx 
55. y = In(cos x) 56. y = — 
Va 
= 1 -  & 
i a Te BT eet 


Graphing Rational Functions 
Graph the rational functions in Exercises 85—102 using all the steps in 
the graphing procedure on page 249. 


Sketching the General Shape, Knowing y’ 
Each of Exercises 59-80 gives the first derivative of a continuous 
function y = f(x). Find y” and then use Steps 2-4 of the graphing 


2 _ 2 
procedure on page 249 to sketch the general shape of the graph of f. 85. y= oa 86. y = oa u 
59. y =2+x-x 60. y =r-x-6 re e % 
5 = el x4 
61. y’ = x(x — 3? 62. y' = x22 — x) 87. y = 2 88. y = = 
63. y’ = x(x? — 12 64. y' = (x — 1PQx 4+ 3 2 
y’ = x — 12) y= @- IPQ + 3) i pec ee 


xw-— 1 
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Stee r-—4 
91. y = —->— 92. y= 
f rai 2-2 
se _ 2-4 
2a Ge a ed 
2 2 
os, ye pa 
t=) il 
3. 3,2 = 3 _ 
ae oe ox ail og, p= a eee 
KP RSD XS 
=I 
9. y=—- 100. y= 
a 2-1 7 2a —2 
101. y = < (Agnesi’s witch) 
x +4 
4x ‘ : 
102. y= 5 (Newton’s serpentine) 
+ 


Theory and Examples 

103. The accompanying figure shows a portion of the graph of a 
twice-differentiable function y = f(x). At each of the five 
labeled points, classify y’ and y” as positive, negative, or zero. 


>< 


104. Sketch a smooth connected curve y = f(x) with 


f(-2) = 8, f'(2) = f'C2) = 0, 
fO) = 4, fi) <0 for |x| < 2, 
f(2) = 0, f'@) <0 for x <0, 


fi >O0 for |x| > 2, fx) > 0 for x>0. 


105. Sketch the graph of a twice-differentiable function y = f(x) 
with the following properties. Label coordinates where possible. 


x y Derivatives 
x<2 y <0, y">0 
2 1 y =0, y">0 
2<x<4 y >0, y">0 
4 4 y >0, y= 
4<x<6 yeh veo 
6 7 y =0, y" <0 
x>6 y <0, y"<0 


106. Sketch the graph of a twice-differentiable function y = f(x) that 
passes through the points (—2, 2), (—1, 1), (0,0), (1, 1), and 
(2, 2) and whose first two derivatives have the following sign 
patterns. 


Motion Along a Line The graphs in Exercises 107 and 108 show 
the position s = f(t) of an object moving up and down on a coordi- 
nate line. (a) When is the object moving away from the origin? 
Toward the origin? At approximately what times is the (b) velocity 
equal to zero? (c) Acceleration equal to zero? (d) When is the accel- 
eration positive? Negative? 


107. 


A 


Displacement 


>t 


o 


Time (sec) 


108. 


Displacement 


oO 


Time (sec) 


109. Marginal cost The accompanying graph shows the hypotheti- 
cal cost c = f(x) of manufacturing x items. At approximately 
what production level does the marginal cost change from 
decreasing to increasing? 


Cc 


Cost 


plititititids 
20 40 60 80 100120 
Thousands of units produced 


110. The accompanying graph shows the monthly revenue of the Widget 
Corporation for the past 12 years. During approximately what 
time intervals was the marginal revenue increasing? Decreasing? 


y 
A 


a ese ce TT 


0 5 10 
111. Suppose the derivative of the function y = f(x) is 


y =(x- Ix - 2). 


At what points, if any, does the graph of f have a local mini- 
mum, local maximum, or point of inflection? (Hint: Draw the 
sign pattern for y’.) 


112. 


113. 


114. 


115. 


116. 


117. 


118. 


119. 


Suppose the derivative of the function y = f(x) is 


y =a—- Ia — 2a - 4). 
At what points, if any, does the graph of f have a local mini- 


mum, local maximum, or point of inflection? 


For x > 0, sketch a curve y = f(x) that has f(1) = 0 and 
f'(x) = 1/x. Can anything be said about the concavity of such a 
curve? Give reasons for your answer. 


Can anything be said about the graph of a function y = f(x) that 
has a continuous second derivative that is never zero? Give rea- 
sons for your answer. 


If b, c, and d are constants, for what value of b will the curve 
y = x> + bx? + cx + d have a point of inflection at x = 1? 
Give reasons for your answer. 


Parabolas 


a. Find the coordinates of the vertex of the parabola 


y=ax-+bxt+ca # 0. 


b. When is the parabola concave up? Concave down? Give rea- 
sons for your answers. 


Quadratic curves What can you say about the inflection 
points of a quadratic curve y = ax? + bx + c,a # 0? Give 


reasons for your answer. 


Cubic curves What can you say about the inflection points of 
a cubic curve y = ax? + bx? + cx + d,a # 0? Give reasons 


for your answer. 


Suppose that the second derivative of the function y = f(x) is 


y"=(« + Da —- 2). 


For what x-values does the graph of f have an inflection point? 
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120. Suppose that the second derivative of the function y = f(x) is 
y” = 2x — 2 + 3). 


For what x-values does the graph of f have an inflection point? 


121. Find the values of constants a, b, and c so that the graph of 
y = ax? + bx? + cx has alocal maximum at x = 3, local mini- 
mum at x = —1, and inflection point at (1, 11). 


122. Find the values of constants a, b, and c so that the graph of 
y = (x* + a)/(bx + c) has a local minimum at x = 3 and a 
local maximum at (—1,—2). 


COMPUTER EXPLORATIONS 

In Exercises 123-126, find the inflection points (if any) on the graph of 
the function and the coordinates of the points on the graph where the 
function has a local maximum or local minimum value. Then graph the 
function in a region large enough to show all these points simultane- 
ously. Add to your picture the graphs of the function’s first and second 
derivatives. How are the values at which these graphs intersect the 
x-axis related to the graph of the function? In what other ways are the 
graphs of the derivatives related to the graph of the function? 


123. y = x° — 5x4 — 240 124. y = x3 — 12x° 


125. y = oe. 16x? — 25 


5 
_ x xe 2. 4 1 
126. y 4 3 4x° + 12x + 20 


127. Graph f(x) = 2x* — 4x7 + 1 and its first two derivatives 
together. Comment on the behavior of f in relation to the signs 
and values of f’ and f”. 


128. Graph f(x) = xcosx and its second derivative together for 
0 = x = 27. Comment on the behavior of the graph of f in 
relation to the signs and values of f”. 


AD Indeterminate Forms and L’H6pital’s Rule 


HISTORICAL BIOGRAPHY 
Guillaume Francois Antoine de l’H6pital 
(1661-1704) 


Johann Bernoulli 
(1667-1748) 


John (Johann) Bernoulli discovered a rule using derivatives to calculate limits of frac- 
tions whose numerators and denominators both approach zero or +00. The rule is known 
today as l’H6pital’s Rule, after Guillaume de |’ H6pital. He was a French nobleman who 
wrote the first introductory differential calculus text, where the rule first appeared in 
print. Limits involving transcendental functions often require some use of the rule for 
their calculation. 


Indeterminate Form 0/0 


If we want to know how the function 


x — sinx 


FQy="— 


behaves near x = 0 (where it is undefined), we can examine the limit of F(x) as x > 0. 
We cannot apply the Quotient Rule for limits (Theorem | of Chapter 2) because the limit 
of the denominator is 0. Moreover, in this case, both the numerator and denominator 
approach 0, and 0/0 is undefined. Such limits may or may not exist in general, but the 
limit does exist for the function F(x) under discussion by applying I’ Hépital’s Rule, as we 
will see in Example 1d. 
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Caution 
To apply l’H6pital’s Rule to f/g, divide 


the derivative of f by the derivative of 
g. Do not fall into the trap of taking the 
derivative of f/g. The quotient to use is 


f'/g', not (f/g)’. 


If the continuous functions f(x) and g(x) are both zero at x = a, then 


lim Fa) 
xa 8(X) 


cannot be found by substituting x = a. The substitution produces 0/0, a meaningless 
expression, which we cannot evaluate. We use 0/0 as a notation for an expression known 
as an indeterminate form. Other meaningless expressions often occur, such as 00/00, 
00-0, co — oo, 0°, and 1°, which cannot be evaluated in a consistent way; these are 
called indeterminate forms as well. Sometimes, but not always, limits that lead to indeter- 
minate forms may be found by cancelation, rearrangement of terms, or other algebraic 


manipulations. This was our experience in Chapter 2. It took considerable analysis in Sec- 
tion 2.4 to find lim,_.9 (sin x)/x. But we have had success with the limit 


f'(@) = lim? Su = a 


xa 


from which we calculate derivatives and which produces the indeterminant form 0/0 
when we attempt to substitute x = a. L’Hépital’s Rule enables us to draw on our success 
with derivatives to evaluate limits that otherwise lead to indeterminate forms. 


THEOREM 6—UVHo6pital’s Rule Suppose that f(a) = g(a) = 0, that f and 
g are differentiable on an open interval / containing a, and that g'(x) # 0 on 
Tifx A a. Then 


i f@) _,. f'@) 
im —~ EG ies 


roa 8%) eon B(x)” 


assuming that the limit on the right side of this equation exists. 


We give a proof of Theorem 6 at the end of this section. 


EXAMPLE 1 The following limits involve 0/0 indeterminate forms, so we apply 
l’H6pital’s Rule. In some cases, it must be applied repeatedly. 


3x — sin x 3—cosx 3 -—cosx 


or a ae aa F io 
1 
2 VIFtx= 1 4. 2V14+x 1 
(b) lim ——>——— = lim ———— = 5 
x0 x0 1 2 
Vitx-1-x/2 0 
(c) lim ~; apply I’ H6pital’s Rule. 
x0 x2 0 
Dd Fay = 12 0 
= im he Still 0: apply |’ H6pital’s Rule again. 
=(1/40 + a" 
= lim ( / uA ) = 1 haa limit is found. 


x0 2 8 0 


Recall that Co and +00 mean the same 
thing. 
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_. x= sinx 
(d) lim a g apply I’H6pital’s Rule. 
x0 x 0 
a, b= 00S. x0 - ‘ 
= lim a Still ~; apply ’ H6pital’s Rule again. 
x0 3x 0 
= li one sti? ly l’ H6pital’s Rul i 
-_ rae ill =; ay 6pital’s Rule again. 
30 6% 0° APPLY P. g 
. cosx _ 1 
= iim rs = ra Not >. limit is found. |_| 


Here is a summary of the procedure we followed in Example 1. 


Using L’H6pital’s Rule 
To find 


lim i 
xa 8(x) 


by l’H6pital’s Rule, we continue to differentiate f and g, so long as we still get 
the form 0/0 at x = a. But as soon as one or the other of these derivatives is 
different from zero at x = a we stop differentiating. L’H6pital’s Rule does not 
apply when either the numerator or denominator has a finite nonzero limit. 


EXAMPLE 2 Be careful to apply I’ H6pital’s Rule correctly: 


li 1 — cosx 0 
x70 x + x? 0 
. sin x 0 
= li Not = 
x0 1 + 2. _ 0 


It is tempting to try to apply l Hépital’s Rule again, which would result in 


lim £°S* = 1 
x0 2 2 > 


but this is not the correct limit. L-Hdpital’s Rule can be applied only to limits that give 
indeterminate forms, and lim,—.9(sin x)/(1 + 2x) does not give an indeterminate form. 
Instead, this limit is 0/1 = 0, and the correct answer for the original limit is 0. |_| 


L’H6pital’s Rule applies to one-sided limits as well. 


EXAMPLE 3 In this example the one-sided limits are different. 


: sin x 0 
(a) lim —; = 
x>07 Xx 0 
. COSX - 
= lim = 0 Positive for x > 0 
x0 2x 
. sinx 0 
(b) lim —— = 
x0 x 0 
. COSX ; 
= lim = —00 Negative for x < 0 | 
x> 0 2x 


Indeterminate Forms 00/00, 00-0, 00 — 0 


Sometimes when we try to evaluate a limit as x — a by substituting x = a we get an inde- 
terminant form like 00/00, 00+ 0, or CO — ©9, instead of 0/0. We first consider the form 
00/00, 
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More advanced treatments of calculus prove that |’H6pital’s Rule applies to the 
indeterminate form 00/00, as well as to 0/0. If f(x) > £0 and g(x) > £0 as xa, 
then 


tim Fo tim 2 


roe BR) roa B') 


provided the limit on the right exists. In the notation x — a, a may be either finite or infi- 
nite. Moreover, x — a may be replaced by the one-sided limits x > a* or x >a. 


EXAMPLE 4 Find the limits of these C0/co forms: 


x 


. sec X . a: 
(a) im T+ tanx yas (©) lim “. 
Solution 


(a) The numerator and denominator are discontinuous at x = 7/2, so we investigate the 
one-sided limits there. To apply l’H6pital’s Rule, we can choose J to be any open 
interval with x = 7/2 as an endpoint. 

sec x 


utr 1+ hae = from the left so we apply l’H6pital’s Rule. 


i sec x tan x i ‘ 
= tlm , oe = lim sinx = 1 
x (7/2) SEC* X x (7 /2)- 


The right-hand limit is 1 also, with (—co) /(—°0) as the indeterminate form. Therefore, 
the two-sided limit is equal to 1. 


_ Inx _ If | /x Ve 4 
b) lim = lim = lim 0 
es Vx PM 1/Vx xm Vx ive * We 
en eee ee a ee “ee 
ee 2 oe = 


Next we turn our attention to the indeterminate forms Co-0 and co — oo. Sometimes 
these forms can be handled by using algebra to convert them to a 0/0 or co/co form. Here 
again we do not mean to suggest that 00-0 or CO — 0° is a number. They are only nota- 
tions for functional behaviors when considering limits. Here are examples of how we 
might work with these indeterminate forms. 


EXAMPLE 5 Find the limits of these 00+ 0 forms: 


(a) lim (: sin 1) (b) ue Vx In x 


x00 


Solution 
a. i (: sin 1) = sim (4 sin n) = = Fi i. 1 00:0; let h = 1/x. 
b. lim Vx Inx = lm Inx 00+ 0 converted to 00/00 


x0" x0" | / Vx 


= lim ——_—, l’H6pital’s Rule applied 
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EXAMPLE 6 Find the limit of this 0© — 00 form: 


ieabotoa t 
xoo\sinx */" 


Solution If x0", then sin x > 0* and 


| ! >O0O — CO 
sinx ~* ' 
Similarly, if x > 0-, then sinx—> 0 and 
u : > OO — (—0O) = —00 + CO 
sinx ¥* : 


Neither form reveals what happens in the limit. To find out, we first combine the fractions: 


1 1 _x— sinx 


: Xx 5 ‘ Common denominator is x sin x. 
sin x xX Sin x 


Then we apply |’ H6pital’s Rule to the result: 


: 1 1)\ _ 4... x — sinx 0 
lim| = lim ; - 
xoo\sinx * x0 Xx SiINXx 0 
: 1 — cosx 
= lim = stn 2 
x0 SINx + x COS x (0) 


sin x 0 
an 0. | 


= lim : = 
x0 2cos x — x sinx 


Indeterminate Powers 


Limits that lead to the indeterminate forms 1°, 0°, and 00° can sometimes be handled by 
first taking the logarithm of the function. We use |’H6pital’s Rule to find the limit of the 
logarithm expression and then exponentiate the result to find the original function limit. 
This procedure is justified by the continuity of the exponential function and Theorem 10 in 
Section 2.5, and it is formulated as follows. (The formula is also valid for one-sided limits.) 


If lim,_., In f(x) = L, then 


lim f(x) = lim e?/@ = ef, 
xa xa 


Here a may be either finite or infinite. 


EXAMPLE 7 Apply I’ H6pital’s Rule to show that lim,_.9:(1 + x)" = e. 


Solution The limit leads to the indeterminate form 1°. We let f(x) = (1 + x)!/* and 
find lim,_.9+ In f(x). Since 


la f@) = In(1 + x)'* = Lind + x), 


l’H6pital’s Rule now applies to give 


lim In f(x) i In(1 + x) 0 
aa af ia eae x 


0 
1 
oe 1+ 
= lim - l’H6pital’s Rule applied 
xo I 
1 
=T=1. 
1 


Therefore, lim d+xni* = lim f(x) = lim eh fO = el = @, a 
x0" x0" x—0t 
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< 


y=f'@« a) 
a 
ff 


- 


Loo y= e'(@x- a) 


> xX 


FIGURE 4.34 The two functions in 
1’ H6pital’s Rule, graphed with their 
linear approximations at x = a. 


HISTORICAL BIOGRAPHY 
Augustin-Louis Cauchy 


(1789-1857) 


When g(x) = x, Theorem 7 is the Mean 
Value Theorem. 
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EXAMPLE 8 


Find lim, x!”. 


Solution The limit leads to the indeterminate form co°. We let f(x) = x'/* and find 
lim,—sooln f(x). Since 


In f(x) = Inx/s = BX, 
l’H6pital’s Rule gives 
. . Inx oo 
a ee m0 


= lim —— l H6pital’s Rule applied 
x00 1 
0 
=-=0. 
1 
Therefore lim x!/* = lim f(x) = lim e™fM = 29 = 1, oO 
x00 x00 x00 


Proof of L’H6pital’s Rule 


Before we prove |’H6pital’s Rule, we consider a special case to provide some geometric 
insight for its reasonableness. Consider the two functions f(x) and g(x) having continuous 
derivatives and satisfying f(a) = g(a) = 0, g'(a) ¥ 0. The graphs of f(x) and g(x), 
together with their linearizations y = f'(a)(x — a) and y = g'(a)(x — a), are shown in 
Figure 4.34. We know that near x = a, the linearizations provide good approximations to 
the functions. In fact, 


f@) = f'@@ — a) + €( — a) 
where €, — 0 and €, > 0 as x — a. So, as Figure 4.34 suggests, 


FO) f'@a — a + 6:1 — a) 


and g(x) = g’(a)(x — a) + €,(x — a) 


lim = lms; 
xa G(X) xa B'(a(x — a) + €(x — a) 
im LO + 1 _ F@) ad 
-_ ’ = cap a 
xa g'(a) + € g'(a) 
_ f'@) as 
= lim ——, Continuous derivatives 
xa & (x) 


as asserted by l’H6pital’s Rule. We now proceed to a proof of the rule based on the more 
general assumptions stated in Theorem 6, which do not require that g’(a) # O and that 
the two functions have continuous derivatives. 

The proof of 1’ Hépital’s Rule is based on Cauchy’s Mean Value Theorem, an exten- 
sion of the Mean Value Theorem that involves two functions instead of one. We prove 
Cauchy’s Theorem first and then show how it leads to Il’ H6pital’s Rule. 


THEOREM 7—Cauchy’s Mean Value Theorem Suppose functions f and g 
are continuous on [a,b] and differentiable throughout (a, b) and also suppose 
g(x) ~ 0 throughout (a, b). Then there exists a number c in (a, b) at which 


file) _ f(b) — f@ 
gi(c)  g(b) — g(a) 


Proof We apply the Mean Value Theorem of Section 4.2 twice. First we use it to show 
that g(a) # g(b). For if g(b) did equal g(a), then the Mean Value Theorem would give 


_ 8b) = 8@) _ 


b-a 0 


g(c) 


MS 


B 
(g(b), f(b) 


fb) — f@ 
g(b) — gla) 


slope = 


> X 


0 


FIGURE 4.35 There is at least one point 
P on the curve C for which the slope of the 
tangent to the curve at P is the same as the 
slope of the secant line joining the points 


A(g(@), f(a) and B(g(b), f(b). 
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for some c between a and b, which cannot happen because g'(x) # 0 in (a, b). 
We next apply the Mean Value Theorem to the function 


f) — {@ 
gb) — g(a) 


F(x) = f(x) — f@ [g(x) — g(a) ]. 

This function is continuous and differentiable where f and g are, and F(b) = F(a) = 0. 
Therefore, there is a number c between a and b for which F’(c) = 0. When expressed in 
terms of f and g, this equation becomes 


b — 
PO) = FO - Beale] = 0 


so that 


f'O _ fb) — f@ 
si(c) gb) — g(a)’ 


Cauchy’s Mean Value Theorem has a geometric interpretation for a general winding 
curve C in the plane joining the two points A = (g(a), f(a)) and B = (g(b), f(b)). In 
Chapter 11 you will learn how the curve C can be formulated so that there is at least one 
point P on the curve for which the tangent to the curve at P is parallel to the secant line 
joining the points A and B. The slope of that tangent line turns out to be the quotient f’/g’ 
evaluated at the number c in the interval (a, b), which is the left-hand side of the equation 
in Theorem 7. Because the slope of the secant line joining A and B is 


f) — f@ 
g(b) — g(a)’ 


the equation in Cauchy’s Mean Value Theorem says that the slope of the tangent line 
equals the slope of the secant line. This geometric interpretation is shown in Figure 4.35. 
Notice from the figure that it is possible for more than one point on the curve C to have a 
tangent line that is parallel to the secant line joining A and B. 


Proof of I’Hdpital’s Rule We first establish the limit equation for the case x > a*. 
The method needs almost no change to apply to x a, and the combination of these two 
cases establishes the result. 

Suppose that x lies to the right of a. Then g’(x) # 0, and we can apply Cauchy’s 
Mean Value Theorem to the closed interval from a to x. This step produces a number c 
between a and x such that 


re fy 7@ 
gi(c) gx) — g(a)’ 


But f(a) = g(a) = 0, so 


FO _ fe) 
gi(c) g(x)’ 


As x approaches a, c approaches a because it always lies between a and x. Therefore, 


i ee a 
x—at g(x) coat g'(c) x—a* g' (x) ° 


which establishes |’ H6pital’s Rule for the case where x approaches a from above. The case 
where x approaches a from below is proved by applying Cauchy’s Mean Value Theorem to 
the closed interval [x,a],x < a. | 
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Exercises [a5 


Finding Limits in Two Ways 


Chapter 4: Applications of Derivatives 


In Exercises 1-6, use |’H6pital’s Rule to evaluate the limit. Then 
evaluate the limit using a method studied in Chapter 2. 


Applying I’H6pital’s Rule 


e- 1 
x>14x3 — x — 3 
2x2 + 3x 

lim 


xo x3 + x + 1] 


. lim 


Use |’ H6pital’s rule to find the limits in Exercises 7-50. 


7. lim 


i. ia 


13. lim 


. 8x? 

lim ———— 
x-0cos x — | 

lim oe 
@—>7/2C0S (27 — A) 
ics 1 — sin@ 
07/21 + cos 20 


15. 
17. 


19. 


, x? 

2 nee x) 

t(1 — cos f) 
t — sint 


25. lim (: - z) sec x 
x>(ar/2)- 2 


27. lim >—.—— 


23. lim 


29. lim =—— 


. Inv + 1) 
31. lim ————— 
x00 «logs x 
In(x? + 2x) 
In x 
_ V5y + 25-5 
35. lim ——.—_ 
y0 y 
37. lim (in 2x — In(x + 1)) 


33. lim 


x0" 


(In x)? 


im ———~ 
x—0* In (sin x) 


: 1 1 
an sim (; =i a) 


39. 


10. 


12. 


14. 


16. 


18. 


20. 


22. 


24. 


ia 
x>-5 X + 5 
; 3 + 3 
lim ————¥ 
m-14F — t+ 3 
. x — 8x? 
lim ——— 
x00 12x? + 5x 
lim sin 5t 
1-0 2t 
2. SINK 
lim ——,— 
x0 x 
has 30 + 7 
9-7/3 8in(@ + (7/3)) 
. x= 1 
lim —-W 
xollnx — sin 7x 
In(csc x) 
lim ———, 
x>m/2(X — (7 /2))? 
: tsint 
lim 


-0l — cost 


26. lim (Z _ :) tan x 
x(a /2)- 2 
1/2)? - 1 
28. a 
60 0 
= Gee 
0 Ee 
; logy x 
a ioe: (x + 3) 
In(e* — 1 
a tia 
x0) =o nx 
_ Vay+a-a 
36. lim ———_.—_,, a>0 
y0 y 
38. lim, (In x — In sin x) 


. lim (csc x — cot x + cos x) 
x>0r 


43. lim ~———_ 
é>0e° —-A@-1 


45. lim 


47. lim ——_ 
yoo XxX tanx 


@ — sin 6 cos 6 


49, tan@d — 0 


6-0 


44. lim 5 
h>0 he 


46. lim x°e* 
x00 


48. lim 


x>0 XxX sinx 


0. 


x0 


Indeterminate Powers and Products 
Find the limits in Exercises 51—66. 


51. lim x!/U-) 
xt 

53. lim (Inx)!/* 
x00 

55. lim x!/n« 


x>0* 


57. lim (1 + 2x)!/2i» 
x—00 


59. lim x* 


61, fim (:+2) 
x00 \ X 1 


63. lim x* Inx 
x—0r 


65. lim x tan (3 _ :) 
x—0r 2 


Theory and Applications 


L’H6pital’s Rule does not help with the limits in Exercises 67—74. Try 


52. lim x!/0-) 


x1 


e?—(1+h) 


(= 17 


3x + x? 


sin x sin 2x 


54. lim (In x)!/0~-0) 
ate 


56. lim x!/n« 
x00 


58. lim(et + x)!/* 
x0 


6. tit (= = i 


x00 


64. lim x (In x)* 


66. lim sinx-Inx 


x0 


it—you just keep on cycling. Find the limits some other way. 


V9x + 1 


67. iim, Wea 
69. lim, ianx 
Th im Sa 
73. lin Se 


75. Which one is correct, and which one is wrong? Give reasons for 


your answers. 


= lim = 


Lod. fe t= 


your answers. 


x3 2x 6 


76. Which one is correct, and which one is wrong? Give reasons for 


x33 x2 — 3 


a ee 


. x2 — 2x . x-2 
a. lim = ; = lim 
x>0x2 — sinx x-02x — cosx 
= lim : a = 1 
x02 + sinx 2+0 
= Ox 2x — 2 ~2 
Bs Meee Se OS 1 =2 


77. 


78. 


79. 


80. 


81. 


82. 
83. 


84. 


Only one of these calculations is correct. Which one? Why are the 
others wrong? Give reasons for your answers. 


a. lim, x In x = 0:(—oo) = 0 
xe 


b. jim, x Inx = 0+(—c) = —00 
Cc. Jim, x Inx = Jim, ae = = ==] 
d. Jim, x Inx = lim 775 
= lim os lim, (-x) = 0 


Find all values of c that satisfy the conclusion of Cauchy’s Mean 
Value Theorem for the given functions and interval. 


a. f(x) = x, e(x) = x, (a, b) = (—2, 0) 
b. f(x) =x, e(x) = x, (a, b) arbitrary 
ec. f(x) = 7/3 — 4x, g(x) = x, (a, b) = (0, 3) 


Continuous extension Find a value of c that makes the function 


9x — 3 sin 3x 
f@ = 5x° 
C x=0 


, x #0 


continuous at x = 0. Explain why your value of c works. 
For what values of a and b is 


jin (‘2 2x , 4 , sin bs) = 0? 


x0 x x2 x 


o — o Form 


a. Estimate the value of 


lim (x — Vx + x) 


x00 
by graphing f(x) = x — Vx? + x over a suitably large inter- 
val of x-values. 

b. Now confirm your estimate by finding the limit with 
l’H6pital’s Rule. As the first step, multiply f(x) by the frac- 
tion (x + Vx? 4 x)/(x + Vx? 4 x) and simplify the new 
numerator. 

Find lim (Vx? + 1 -— Vx). 

x00 
0/0 Form Estimate the value of 


2x? — (3x + IVx + 2 
x-1 


lim 


xl 


by graphing. Then confirm your estimate with I’ H6pital’s Rule. 


This exercise explores the difference between the limit 


lim (1 + 4) 
x00 x 


and the limit 


85. 


86. 


87. 


88. 


89. 


90. 
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a. Use l’H6pital’s Rule to show that 


Jim (1 af t) =e. 
b. Graph 


fo) = (1 ai 4) and g(x) = (1 i t) 


together for x = 0. How does the behavior of f compare with 
that of g? Estimate the value of lim,_... f(x). 


c. Confirm your estimate of lim,—..0. f(x) by calculating it with 
1’ H6pital’s Rule. 


Show that 
r\k 
sim (1 +1) =e” 
Given that x > 0, find the maximum value, if any, of 


a. x!/* 

b. x!/* 

ce. x'/*" (na positive integer) 

d. Show that lim,.. x!/*" = 1 for every positive integer n. 


Use limits to find horizontal asymptotes for each function. 


1 3x + e 
. y = xtan| > b. y = ——— 
ay=x an( 1) y aye 
. , ele, x #0 
Find f'(0) for f(x) = 
0, x=0. 


The continuous extension of (sin x)* to [0, 7] 


a. Graph f(x) = (sin x)* on the interval 0 = x = 7. What 
value would you assign to f to make it continuous at x = 0? 


b. Verify your conclusion in part (a) by finding lim,_.9+ f(x) 
with |’ H6pital’s Rule. 

c. Returning to the graph, estimate the maximum value of f on 
[0, 7]. About where is max f taken on? 


d. Sharpen your estimate in part (c) by graphing f’ in the same 
window to see where its graph crosses the x-axis. To simplify 
your work, you might want to delete the exponential factor 
from the expression for f’ and graph just the factor that has a 
zero. 


The function (sin x)"* (Continuation of Exercise 89.) 


a. Graph f(x) = (sin x)*"* on the interval -7 = x = 7. How 
do you account for the gaps in the graph? How wide are the 
gaps? 

b. Now graph f on the interval 0 = x = 7. The function is not 
defined at x = 7/2, but the graph has no break at this point. 
What is going on? What value does the graph appear to give 
for f at x = a /2? (Hint: Use l’H6pital’s Rule to find lim f 
as x > (7/2) and x (7/2)*.) 

c. Continuing with the graphs in part (b), find max f and min f 
as accurately as you can and estimate the values of x at which 
they are taken on. 


264 


4.6 Applied Optimization 


x 12 
(a) 
™ 
x 2 
e : 
= 
AN 
12 — 2x 
AS 


(b) 


FIGURE 4.36 An open box made by 
cutting the corners from a square sheet of 
tin. What size corners maximize the box’s 
volume (Example 1)? 


Maximum 


y = x(12 — 2x), 
Os<x=6 


min 


L 
0 2 6 
NOT TO SCALE 


FIGURE 4.37 The volume of the box in 
Figure 4.36 graphed as a function of x. 
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What are the dimensions of a rectangle with fixed perimeter having maximum area? 
What are the dimensions for the least expensive cylindrical can of a given volume? How 
many items should be produced for the most profitable production run? Each of these 
questions asks for the best, or optimal, value of a given function. In this section we use 
derivatives to solve a variety of optimization problems in mathematics, physics, econom- 
ics, and business. 


Solving Applied Optimization Problems 

1. Read the problem. Read the problem until you understand it. What is given? 
What is the unknown quantity to be optimized? 

2. Draw a picture. Label any part that may be important to the problem. 

3. Introduce variables. List every relation in the picture and in the problem as 
an equation or algebraic expression, and identify the unknown variable. 

4. Write an equation for the unknown quantity. If you can, express the unknown 
as a function of a single variable or in two equations in two unknowns. This 
may require considerable manipulation. 

5. Test the critical points and endpoints in the domain of the unknown. Use 
what you know about the shape of the function’s graph. Use the first and 
second derivatives to identify and classify the function’s critical points. 


EXAMPLE 1 An open-top box is to be made by cutting small congruent squares from 
the corners of a 12-in.-by-12-in. sheet of tin and bending up the sides. How large should 
the squares cut from the corners be to make the box hold as much as possible? 


Solution We start with a picture (Figure 4.36). In the figure, the corner squares are x in. 
on a side. The volume of the box is a function of this variable: 


48x? + 4x3. 


Vix) = x(12 — 2x)? = 144x V=hlw 


Since the sides of the sheet of tin are only 12 in. long, x = 6 and the domain of V is the 
interval 0 = x = 6. 

A graph of V (Figure 4.37) suggests a minimum value of 0 at x = 0 and x = 6 and 
a maximum near x = 2. To learn more, we examine the first derivative of V with respect 
to x: 


dV 


tee 144 — 96x + 12x? = 12(12 — 8x + x?) = 12(2 — x)(6 — x). 


Of the two zeros, x = 2 and x = 6, only x = 2 lies in the interior of the function’s 
domain and makes the critical-point list. The values of V at this one critical point and two 
endpoints are 


V(2) = 128 
VO) = 0, 


Critical point value: 
Endpoint values: V(6) = 0. 


The maximum volume is 128 in*. The cutout squares should be 2 in. on a side. 


FIGURE 4.38 | This one-liter can uses 
the least material when h = 2r 
(Example 2). 
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EXAMPLE 2 You have been asked to design a one-liter can shaped like a right circu- 
lar cylinder (Figure 4.38). What dimensions will use the least material? 


Solution Volume of can: If r and h are measured in centimeters, then the volume of the 
can in cubic centimeters is 


arh = 1000. 1 liter = 1000 cm? 


Surface area of can: A = 2mr? + 2arh 
we — 


circular cylindrical 
ends wall 


How can we interpret the phrase “least material”? For a first approximation we can ignore 
the thickness of the material and the waste in manufacturing. Then we ask for dimensions 
r and h that make the total surface area as small as possible while satisfying the constraint 
mrh = 1000cm?. 

To express the surface area as a function of one variable, we solve for one of the vari- 
ables in 7r*h = 1000 and substitute that expression into the surface area formula. Solving 
for h is easier: 


Thus, 


A = 2ar* + 2arh 


= 2nr? + 2mr{ 1000) 


wr 


= 2nr? + =~ 


Our goal is to find a value of r > 0 that minimizes the value of A. Figure 4.39 suggests 
that such a value exists. 


>> 


Tall and 
thin can 


Short and 
wide can 


Short and wide 


FIGURE 4.39 The graph of A = 2a? + 2000/r is concave up. 


Notice from the graph that for small r (a tall, thin cylindrical container), the term 
2000/r dominates (see Section 2.6) and A is large. For large r (a short, wide cylindrical 
container), the term 27r? dominates and A again is large. 
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/ 


' (x, 4- x) 


FIGURE 4.40 The rectangle inscribed 
in the semicircle in Example 3. 


Since A is differentiable on r > 0, an interval with no endpoints, it can have a mini- 
mum value only where its first derivative is zero. 


dA _ 4 _ 2000 
dr P 
0 = 4ar — Set dA/dr = 0. 
4rr*> = 2000 Multiply by r?. 
pe G2 2 540 Suvetien: 


What happens at r = “500/77? 
The second derivative 


is positive throughout the domain of A. The graph is therefore everywhere concave up and 
the value of A at r = W/500 /7 is an absolute minimum. 
The corresponding value of h (after a little algebra) is 


_ 1000 _ , 3/500 _ 
Bg Pal ge ee 


The one-liter can that uses the least material has height equal to twice the radius, here with 
r ~ 5.42cmandh ~ 10.84 cm. a 


Examples from Mathematics and Physics 


EXAMPLE 3 A rectangle is to be inscribed in a semicircle of radius 2. What is the 
largest area the rectangle can have, and what are its dimensions? 


Solution Let (x, V4 -— x) be the coordinates of the corner of the rectangle obtained 
by placing the circle and rectangle in the coordinate plane (Figure 4.40). The length, 
height, and area of the rectangle can then be expressed in terms of the position x of the 
lower right-hand corner: 


Length: 2x, Height: V4 — x7, Area: 2x V4 — x’. 


Notice that the values of x are to be found in the interval 0 = x = 2, where the selected 
corner of the rectangle lies. 
Our goal is to find the absolute maximum value of the function 


A(x) = 2xV4 — x? 


on the domain [ 0, 2]. 
The derivative 


dA _ = 2x? _ V/4 — x2 
a =a 4-x 
is not defined when x = 2 and is equal to zero when 
22" 4 Jeane 0 
V4 — x? 
—2x? + 2(4 — x*) = 0 
8 — 4,2 = 
vr =2 


x= +V2. 
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FIGURE 4.41 A light ray refracted 
(deflected from its path) as it passes from 


> X 


one medium to a denser medium 
(Example 4). 


dt/dx dt/dx dt/dx 
negative zero positive 
| —---- he teeettse | 

x 
0 d 


FIGURE 4.42 The sign pattern of dt/dx 


in Example 4. 
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Of the two zeros, x = V2 and x = —V 2, only x = V2 lies in the interior of A’s domain 
and makes the critical-point list. The values of A at the endpoints and at this one critical 


point are 


Critical point value: A( V2) =2V2V4-2=4 


Endpoint values: A(O) = 0, A(2) = 0. 


The area has a maximum value of 4 when the rectangle is V4 — x° = V2 units high and 
2x = 2V2 units long. | 


EXAMPLE 4 The speed of light depends on the medium through which it travels, and 
is generally slower in denser media. 

Fermat’s principle in optics states that light travels from one point to another along 
a path for which the time of travel is a minimum. Describe the path that a ray of light will 
follow in going from a point A in a medium where the speed of light is c, to a point B ina 
second medium where its speed is cp. 


Solution Since light traveling from A to B follows the quickest route, we look for a path 
that will minimize the travel time. We assume that A and B lie in the xy-plane and that the 
line separating the two media is the x-axis (Figure 4.41). 

In a uniform medium, where the speed of light remains constant, “shortest time” 
means “shortest path,” and the ray of light will follow a straight line. Thus the path from A 
to B will consist of a line segment from A to a boundary point P, followed by another line 
segment from P to B. Distance traveled equals rate times time, so 


_ distance 


Time as 


From Figure 4.41, the time required for light to travel from A to P is 


AP a+ x? 
= ej = faa : 


From P to B, the time is 


The time from A to B is the sum of these: 


2442 Vb + (d- xy 
a ( ay" 


cy Cy 


t= ty =e bh = 
This equation expresses t as a differentiable function of x whose domain is [0,d]. We 


want to find the absolute minimum value of t on this closed interval. We find the derivative 


dt = Xx ad-x 
ae oVeP+P Vb + (d— xP 


and observe that it is continuous. In terms of the angles 0; and 6 in Figure 4.41, 


dt sin@, sind, 


dx cy Cy 


The function ¢ has a negative derivative at x = 0 and a positive derivative at x = d. Since 
dt/dx is continuous over the interval [0,d], by the Intermediate Value Theorem for con- 
tinuous functions (Section 2.5), there is a point x9 € [0,d] where dt/dx = 0 (Figure 4.42). 
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There is only one such point because dt/dx is an increasing function of x (Exercise 62). At 
this unique point we then have 


sin@, sin 6, 


cy Cc * 


This equation is Snell’s Law or the Law of Refraction, and is an important principle in 
the theory of optics. It describes the path the ray of light follows. a 


Examples from Economics 


Suppose that 


r(x) = the revenue from selling x items 
c(x) = the cost of producing the x items 


p(x) = r(x) — c(x) = the profit from producing and selling x items. 


Although x is usually an integer in many applications, we can learn about the behavior of 
these functions by defining them for all nonzero real numbers and by assuming they are 
differentiable functions. Economists use the terms marginal revenue, marginal cost, and 
marginal profit to name the derivatives r'(x), c'(x), and p'(x) of the revenue, cost, and 
profit functions. Let’s consider the relationship of the profit p to these derivatives. 

If r(x) and c(x) are differentiable for x in some interval of production possibilities, 
and if p(x) = r(x) — c(x) has a maximum value there, it occurs at a critical point of p(x) 
or at an endpoint of the interval. If it occurs at a critical point, then p’(x) = r'(x)— 
c'(x) = 0 and we see that r’(x) = c’(x). In economic terms, this last equation means that 


At a production level yielding maximum profit, marginal revenue equals mar- 
ginal cost (Figure 4.43). 


Revenue r(x) 


Dollars 


Break-even point 


Maximum profit, c'(x) = r’(x) 


Local maximum for loss (minimum profit), c'(x) = r’(x) 


| >Xx 
0 Items produced 


FIGURE 4.43 The graph of a typical cost function starts concave down and later turns concave 
up. It crosses the revenue curve at the break-even point B. To the left of B, the company operates 

at a loss. To the right, the company operates at a profit, with the maximum profit occurring where 
c'(x) = r'(x). Farther to the right, cost exceeds revenue (perhaps because of a combination of rising 
labor and material costs and market saturation) and production levels become unprofitable again. 


4.6 Applied Optimization 269 


EXAMPLE 5 Suppose that r(x) = 9x and c(x) = x°7 — 6x? + 15x, where x repre- 
y sents millions of MP3 players produced. Is there a production level that maximizes profit? 
If so, what is it? 


=A, FD 
BS eRe ar Ea Solution Notice that r’(x) = 9 and c'(x) = 3x2 — 12x + 15. 


3x2 — 12x + 15 = 9 Set c’(x) = r'(x). 
3x7 — 12x +6=0 


a The two solutions of the quadratic equation are 

Maximum wa 
fe fi = 
ee ge Te 2 BP i4-V2~ 0586 and 

; Local oe for loss x» = eeu v.72 =24+ V2 = 3.414. 

l > xX 

02-2 2 2+V/2 
NOT TO SCALE The possible production levels for maximum profit are x ~ 0.586 million MP3 players or 


x = 3.414 million. The second derivative of p(x) = r(x) — c(x) is p"(x) = —c"(x) since 
r(x) is everywhere zero. Thus, p”(x) = 6(2 — x), which is negative at x = 2 + V/2 and 
positive at x = 2 — AyD. By the Second Derivative Test, a maximum profit occurs at 
about x = 3.414 (where revenue exceeds costs) and maximum loss occurs at about 
x = 0.586. The graphs of r(x) and c(x) are shown in Figure 4.44. | 


FIGURE 4.44 The cost and revenue 
curves for Example 5. 


EXAMPLE 6 A cabinetmaker uses mahogany wood to produce 5 desks each day. 
Each delivery of one container of wood is $5000, whereas the storage of that material is 
$10 per day per unit stored, where a unit is the amount of material needed by her to pro- 
duce | desk. How much material should be ordered each time, and how often should the 
material be delivered, to minimize her average daily cost in the production cycle between 
deliveries? 


Solution If she asks for a delivery every x days, then she must order 5x units to have 
enough material for that delivery cycle. The average amount in storage is approximately 
one-half of the delivery amount, or 5x/2. Thus, the cost of delivery and storage for each 
cycle is approximately 


Cost per cycle = delivery costs + storage costs 


2 ae, oe 
delivery ——— number of storage cost 
average 


amount stored 


Cost per cycle = 5000 e (S) : x : 10 


cost days stored per day 


We compute the average daily cost c(x) by dividing the cost per cycle by the number of 
days x in the cycle (see Figure 4.45). 


Cost 


c(x) 29%, x > 0. 


_ 5000 
As x 0 and as x ©, the average daily cost becomes large. So we expect a minimum 
to exist, but where? Our goal is to determine the number of days x between deliveries that 
. provides the absolute minimum cost. 


min x _ ta : We find the critical points by determining where the derivative is equal to zero: 
ycle length 


FIGURE 4.45 The average daily cost c'(x) = oe +25 =0 
x 


c(x) is the sum of a hyperbola and a linear 


+V200 ~ £14.14. 


function (Example 6). x 
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Of the two critical points, only V 200 lies in the domain of c(x). The critical point value of 
the average daily cost is 


c( 200) _ 5000 


V 200 


We note that c(x) is defined over the open interval (0,00) with c’(x) = 10000 ix > 0. 


+ 25\/200 = 5002 ~ $707.11. 


Thus, an absolute minimum exists at x = V200 ~ 14.14 days. 
The cabinetmaker should schedule a delivery of 5(14) = 70 units of the mahogany 


wood every 14 days. 


Exercises 4.6 | 


Mathematical Applications 

Whenever you are maximizing or minimizing a function of a single vari- 
able, we urge you to graph it over the domain that is appropriate to the 
problem you are solving. The graph will provide insight before you cal- 
culate and will furnish a visual context for understanding your answer. 


1. 


Minimizing perimeter What is the smallest perimeter possible 
for a rectangle whose area is 16 in*, and what are its dimensions? 


. Show that among all rectangles with an 8-m perimeter, the one 


with largest area is a square. 


. The figure shows a rectangle inscribed in an isosceles right trian- 


gle whose hypotenuse is 2 units long. 


a. Express the y-coordinate of P in terms of x. (Hint: Write an 
equation for the line AB.) 


b. Express the area of the rectangle in terms of x. 


c. What is the largest area the rectangle can have, and what are 
its dimensions? 


. A rectangle has its base on the x-axis and its upper two vertices 


on the parabola y = 12 — x”. What is the largest area the rectan- 
gle can have, and what are its dimensions? 


. You are planning to make an open rectangular box from an 8-in.-by- 


15-in. piece of cardboard by cutting congruent squares from the cor- 
ners and folding up the sides. What are the dimensions of the box of 
largest volume you can make this way, and what is its volume? 


. You are planning to close off a corner of the first quadrant with a 


line segment 20 units long running from (a, 0) to (0, b). Show 
that the area of the triangle enclosed by the segment is largest 
when a = b. 


. The best fencing plan A rectangular plot of farmland will be 


bounded on one side by a river and on the other three sides by a 


10. 


11. 


12. 


single-strand electric fence. With 800 m of wire at your disposal, 
what is the largest area you can enclose, and what are its dimensions? 


. The shortest fence A 216m? rectangular pea patch is to be 


enclosed by a fence and divided into two equal parts by another 
fence parallel to one of the sides. What dimensions for the outer 
rectangle will require the smallest total length of fence? How 
much fence will be needed? 


. Designing atank Your iron works has contracted to design and 


build a 500 ft*, square-based, open-top, rectangular steel holding 
tank for a paper company. The tank is to be made by welding thin 
stainless steel plates together along their edges. As the production 
engineer, your job is to find dimensions for the base and height 
that will make the tank weigh as little as possible. 


a. What dimensions do you tell the shop to use? 
b. Briefly describe how you took weight into account. 


Catching rainwater A 1125 ft? open-top rectangular tank with 
a square base x ft on a side and y ft deep is to be built with its top 
flush with the ground to catch runoff water. The costs associated 
with the tank involve not only the material from which the tank is 
made but also an excavation charge proportional to the product xy. 


a. If the total cost is 
c = 5(x7 + 4xy) + 10xy, 
what values of x and y will minimize it? 


b. Give a possible scenario for the cost function in part (a). 


Designing a poster You are designing a rectangular poster to 
contain 50 in’ of printing with a 4-in. margin at the top and bot- 
tom and a 2-in. margin at each side. What overall dimensions will 
minimize the amount of paper used? 


Find the volume of the largest right circular cone that can be 
inscribed in a sphere of radius 3. 


13. Two sides of a triangle have lengths a and b, and the angle 
between them is 6. What value of 6 will maximize the triangle’s 
area? (Hint: A = (1/2)absin6@.) 

14. Designing a can What are the dimensions of the lightest open- 
top right circular cylindrical can that will hold a volume of 
1000 cm3? Compare the result here with the result in Example 2. 


15. Designing a can You are designing a 1000 cm? right circular 
cylindrical can whose manufacture will take waste into account. 
There is no waste in cutting the aluminum for the side, but the top 
and bottom of radius r will be cut from squares that measure 2r 
units on a side. The total amount of aluminum used up by the can 
will therefore be 


A = 8r?2 + 2arh 


rather than the A = 2ar? + 2arh in Example 2. In Example 2, 
the ratio of h to r for the most economical can was 2 to 1. What is 
the ratio now? 


16. Designing a box with a lid A piece of cardboard measures 
10 in. by 15 in. Two equal squares are removed from the corners 
of a 10-in. side as shown in the figure. Two equal rectangles are 
removed from the other corners so that the tabs can be folded to 
form a rectangular box with lid. 


Kx ~-x>| 

i) zy 
isa x x 
: | 
3) T 
a i 
2 10” | Base | Lid 
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a. Write a formula V(x) for the volume of the box. 


b. Find the domain of V for the problem situation and graph V 
over this domain. 


c. Use a graphical method to find the maximum volume and the 
value of x that gives it. 


d. Confirm your result in part (c) analytically. 


17. Designing a suitcase A 24-in.-by-36-in. sheet of cardboard is 
folded in half to form a 24-in.-by-18-in. rectangle as shown in the 
accompanying figure. Then four congruent squares of side length 
x are cut from the corners of the folded rectangle. The sheet is 
unfolded, and the six tabs are folded up to form a box with sides 
and a lid. 


a. Write a formula V(x) for the volume of the box. 


b. Find the domain of V for the problem situation and graph V 
over this domain. 


c. Use a graphical method to find the maximum volume and the 
value of x that gives it. 


d. Confirm your result in part (c) analytically. 
e. Find a value of x that yields a volume of 1120 in’. 


f. Write a paragraph describing the issues that arise in part (b). 
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k 36" >| | 18” | 


The sheet is then unfolded. 


24" Base 


le 36" 


18. A rectangle is to be inscribed under the arch of the curve 
y = 4cos(0.5x) from x = —7 to x = 7. What are the dimen- 
sions of the rectangle with largest area, and what is the largest 
area? 


19. Find the dimensions of a right circular cylinder of maximum vol- 
ume that can be inscribed in a sphere of radius 10 cm. What is the 
maximum volume? 


20. a. The U.S. Postal Service will accept a box for domestic ship- 
ment only if the sum of its length and girth (distance around) 
does not exceed 108 in. What dimensions will give a box with 
a square end the largest possible volume? 


Girth = distance 
around here 


7 


Square end 


T|b. Graph the volume of a 108-in. box (length plus girth equals 
108 in.) as a function of its length and compare what you see 
with your answer in part (a). 


21. (Continuation of Exercise 20.) 


a. Suppose that instead of having a box with square ends you 
have a box with square sides so that its dimensions are h by h 
by w and the girth is 2h + 2w. What dimensions will give the 
box its largest volume now? 
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22. 


23. 


24. 


25. 
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Girth 


b. Graph the volume as a function of h and compare what you 
see with your answer in part (a). 


A window is in the form of a rectangle surmounted by a semicircle. 
The rectangle is of clear glass, whereas the semicircle is of tinted 
glass that transmits only half as much light per unit area as clear 
glass does. The total perimeter is fixed. Find the proportions of 
the window that will admit the most light. Neglect the thickness 
of the frame. 


ger 


\\ 


A silo (base not included) is to be constructed in the form of a 
cylinder surmounted by a hemisphere. The cost of construction 
per square unit of surface area is twice as great for the hemisphere 
as it is for the cylindrical sidewall. Determine the dimensions to 
be used if the volume is fixed and the cost of construction is to be 
kept to a minimum. Neglect the thickness of the silo and waste in 
construction. 


The trough in the figure is to be made to the dimensions shown. 
Only the angle @ can be varied. What value of 6 will maximize 
the trough’s volume? 


Paper folding A rectangular sheet of 8.5-in.-by-11-in. paper is 
placed on a flat surface. One of the corners is placed on the oppo- 
site longer edge, as shown in the figure, and held there as the 
paper is smoothed flat. The problem is to make the length of the 
crease as small as possible. Call the length L. Try it with paper. 


a. Show that 1? = 2x3/(2x — 8.5). 
b. What value of x minimizes 17? 


c. What is the minimum value of L? 


26. 


27. 


28. 
29. 


30. 


31. 


32. 


33. 


12 = x2 
Q (originally at A) 


Constructing cylinders Compare the answers to the following 
two construction problems. 


a. A rectangular sheet of perimeter 36 cm and dimensions x cm 
by y cm is to be rolled into a cylinder as shown in part (a) of 
the figure. What values of x and y give the largest volume? 


b. The same sheet is to be revolved about one of the sides of 
length y to sweep out the cylinder as shown in part (b) of the 
figure. What values of x and y give the largest volume? 


x 


Circumference = x 


(a) (b) 


Constructing cones A right triangle whose hypotenuse is 
V3m long is revolved about one of its legs to generate a right 
circular cone. Find the radius, height, and volume of the cone of 
greatest volume that can be made this way. 


Find the point on the line ~ + ; 


Find a positive number for which the sum of it and its reciprocal 
is the smallest (least) possible. 


= | that is closest to the origin. 


Find a positive number for which the sum of its reciprocal and 
four times its square is the smallest possible. 


A wire b m long is cut into two pieces. One piece is bent into an 
equilateral triangle and the other is bent into a circle. If the sum of 
the areas enclosed by each part is a minimum, what is the length 
of each part? 

Answer Exercise 31 if one piece is bent into a 


square and the other into a circle. 


Determine the dimensions of the rectangle of 5 
largest area that can be inscribed in the right tri- 
angle shown in the accompanying figure. 


34. Determine the dimensions of the rect- 
angle of largest area that can be 
inscribed in a semicircle of radius 3. 
(See accompanying figure.) 
35. What value of a makes r=3 
f(x) = x? + (a/x) have 


a. alocal minimum at x = 2? 
b. a point of inflection at x = 1? 
36. What values of a and b make f(x) = x? + ax? + bx have 
a. alocal maximum at x = —1 anda local minimum at x = 3? 
b. a local minimum at x = 4 and a point of inflection at x = 1? 
Physical Applications 


37. Vertical motion The height above ground of an object moving 
vertically is given by 


s =—162? + 96r + 112, 


with s in feet and ¢ in seconds. Find 

a. the object’s velocity when t = 0; 

b. its maximum height and when it occurs; 
c. its velocity when s = 0. 


38. Quickest route Jane is 2 mi offshore in a boat and wishes to reach 
a coastal village 6 mi down a straight shoreline from the point near- 
est the boat. She can row 2 mph and can walk 5 mph. Where should 
she land her boat to reach the village in the least amount of time? 

39. Shortest beam The 8-ft wall shown here stands 27 ft from the 
building. Find the length of the shortest straight beam that will 
reach to the side of the building from the ground outside the wall. 


Beam Building 


8' wall 


a 


40. Motion on a line The positions of two particles on the s-axis 
are s; = sintand s, = sin(t + 7/3), with s,; and s) in meters 
and f in seconds. 


a. At what time(s) in the interval 0 = t = 27 do the particles 
meet? 


b. What is the farthest apart that the particles ever get? 


c. When in the interval 0 = t S 277 is the distance between the 
particles changing the fastest? 


41. The intensity of illumination at any point from a light source is 
proportional to the square of the reciprocal of the distance 
between the point and the light source. Two lights, one having an 
intensity eight times that of the other, are 6 m apart. How far from 
the stronger light is the total illumination least? 


42. Projectile motion The range R of a projectile fired from the ori- 
gin over horizontal ground is the distance from the origin to the 
point of impact. If the projectile is fired with an initial velocity vp 
at an angle @ with the horizontal, then in Chapter 13 we find that 


4.6 Applied Optimization 273 


2 


Re a 
= 7 sin 2a, 


where g is the downward acceleration due to gravity. Find the 
angle a for which the range R is the largest possible. 


43. Strength of a beam The strength S of a rectangular wooden 
beam is proportional to its width times the square of its depth. 
(See the accompanying figure.) 


a. Find the dimensions of the strongest beam that can be cut 
from a 12-in.-diameter cylindrical log. 


b. Graph S as a function of the beam’s width w, assuming the 
proportionality constant to be k = 1. Reconcile what you see 
with your answer in part (a). 


c. On the same screen, graph S as a function of the beam’s depth 
d, again taking k = 1. Compare the graphs with one another 
and with your answer in part (a). What would be the effect of 
changing to some other value of k? Try it. 


ee 


44. Stiffness of a beam The stiffness S$ of a rectangular beam is 
proportional to its width times the cube of its depth. 


a. Find the dimensions of the stiffest beam that can be cut from 
a 12-in.-diameter cylindrical log. 


b. Graph S as a function of the beam’s width w, assuming the 
proportionality constant to be k = 1. Reconcile what you see 
with your answer in part (a). 


c. On the same screen, graph S as a function of the beam’s depth 
d, again taking k = 1. Compare the graphs with one another 
and with your answer in part (a). What would be the effect of 
changing to some other value of k? Try it. 


45. Frictionless cart A small frictionless cart, attached to the wall 
by a spring, is pulled 10 cm from its rest position and released at 
time t = 0 to roll back and forth for 4 sec. Its position at time ¢ is 
s = 10cos wt. 


a. What is the cart’s maximum speed? When is the cart moving 
that fast? Where is it then? What is the magnitude of the 
acceleration then? 


b. Where is the cart when the magnitude of the acceleration is 
greatest? What is the cart’s speed then? 


46. Two masses hanging side by side from springs have positions 
$s; = 2sintand sy = sin 2t, respectively. 


a. At what times in the interval 0 < fr do the masses pass each 
other? (Hint: sin 2t = 2 sin t cos ¢.) 
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47. 


48. 


49. 
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b. When in the interval 0 = t = 277 is the vertical distance 
between the masses the greatest? What is this distance? (Hint: 
cos2t = 2cos*t — 1.) 


ne< 


Distance between two ships At noon, ship A was 12 nautical 
miles due north of ship B. Ship A was sailing south at 12 knots 
(nautical miles per hour; a nautical mile is 2000 yd) and contin- 
ued to do so all day. Ship B was sailing east at 8 knots and contin- 
ued to do so all day. 


a. Start counting time with f = O at noon and express the dis- 
tance s between the ships as a function of t. 


b. How rapidly was the distance between the ships changing at 
noon? One hour later? 


c. The visibility that day was 5 nautical miles. Did the ships 
ever sight each other? 


d. Graph s and ds/dt together as functions of tfor—1 = t = 3, 
using different colors if possible. Compare the graphs and 
reconcile what you see with your answers in parts (b) 
and (c). 

e. The graph of ds/dt looks as if it might have a horizontal 
asymptote in the first quadrant. This in turn suggests that 
ds/dt approaches a limiting value as t > 00, What is this 
value? What is its relation to the ships’ individual speeds? 


Fermat’s principle in optics Light from a source A is reflected 
by a plane mirror to a receiver at point B, as shown in the accom- 
panying figure. Show that for the light to obey Fermat’s principle, 
the angle of incidence must equal the angle of reflection, both 
measured from the line normal to the reflecting surface. (This 
result can also be derived without calculus. There is a purely geo- 
metric argument, which you may prefer.) 


Normal 
Light 


receiver 


Light 
source 


Angle of 
incidence 


Angle of 
reflection 


45 


Plane mirror 


Tin pest When metallic tin is kept below 13.2°C, it slowly 
becomes brittle and crumbles to a gray powder. Tin objects even- 
tually crumble to this gray powder spontaneously if kept in a cold 
climate for years. The Europeans who saw tin organ pipes in their 


50. 


churches crumble away years ago called the change fin pest 
because it seemed to be contagious, and indeed it was, for the 
gray powder is a catalyst for its own formation. 

A catalyst for a chemical reaction is a substance that con- 
trols the rate of reaction without undergoing any permanent 
change in itself. An autocatalytic reaction is one whose product 
is a catalyst for its own formation. Such a reaction may proceed 
slowly at first if the amount of catalyst present is small and 
slowly again at the end, when most of the original substance is 
used up. But in between, when both the substance and its catalyst 
product are abundant, the reaction proceeds at a faster pace. 

In some cases, it is reasonable to assume that the rate 
v = dx/dt of the reaction is proportional both to the amount of 
the original substance present and to the amount of product. That 
is, v may be considered to be a function of x alone, and 


v = kx(a kx, 


x) = kax 


where 

x = the amount of product 

a = the amount of substance at the beginning 
k = a positive constant. 


At what value of x does the rate v have a maximum? What is the 
maximum value of v? 


Airplane landing path An airplane is flying at altitude H when it 

begins its descent to an airport runway that is at horizontal ground 

distance L from the airplane, as shown in the figure. Assume that the 

landing path of the airplane is the graph of a cubic polynomial func- 

tion y = ax> + bx? + cx + d, where y(—L) = H and y(0) = 0. 

a. What is dy/dx at x = 0? 

b. What is dy/dx at x = —L? 

c. Use the values for dy/dx at x = 0 and x = —L together with 
y(0) = 0 and y(—L) = H to show that 


wo= del) ()] 


Landing path y 


H = Cruising altitude 
Airport 


> X 


Ee x 


Business and Economics 


51. 


52. 


It costs you c dollars each to manufacture and distribute backpacks. 
If the backpacks sell at x dollars each, the number sold is given by 


SACO =, 


~“x-c¢ 


n 
where a and / are positive constants. What selling price will bring 
a maximum profit? 

You operate a tour service that offers the following rates: 


$200 per person if 50 people (the minimum number to book the 
tour) go on the tour. 


For each additional person, up to a maximum of 80 people 
total, the rate per person is reduced by $2. 


It costs $6000 (a fixed cost) plus $32 per person to conduct the 
tour. How many people does it take to maximize your profit? 


53. Wilson lot size formula One of the formulas for inventory 
management says that the average weekly cost of ordering, pay- 
ing for, and holding merchandise is 

Acq) = 2+ om + 9, 
where g is the quantity you order when things run low (shoes, 
radios, brooms, or whatever the item might be), k is the cost of 
placing an order (the same, no matter how often you order), c is 
the cost of one item (a constant), m is the number of items sold 
each week (a constant), and h is the weekly holding cost per item 
(a constant that takes into account things such as space, utilities, 
insurance, and security). 


a. Your job, as the inventory manager for your store, is to find 
the quantity that will minimize A(q). What is it? (The formula 
you get for the answer is called the Wilson lot size formula.) 


b. Shipping costs sometimes depend on order size. When they 
do, it is more realistic to replace k by k + bq, the sum of k 
and a constant multiple of g. What is the most economical 
quantity to order now? 


54. Production level Prove that the production level (if any) at 
which average cost is smallest is a level at which the average cost 
equals marginal cost. 


55. Show that if r(x) = 6x and c(x) = x° — 6x? + 15x are your rev- 
enue and cost functions, then the best you can do is break even 
(have revenue equal cost). 


56. Production level Suppose that c(x) = x? — 20x + 20,000x is 
the cost of manufacturing x items. Find a production level that 
will minimize the average cost of making x items. 


57. You are to construct an open rectangular box with a square base 
and a volume of 48 ft?. If material for the bottom costs $6/ft” and 
material for the sides costs $4/ft?, what dimensions will result in 
the least expensive box? What is the minimum cost? 


58. The 800-room Mega Motel chain is filled to capacity when the 
room charge is $50 per night. For each $10 increase in room 
charge, 40 fewer rooms are filled each night. What charge per 
room will result in the maximum revenue per night? 


Biology 

59. Sensitivity to medicine (Continuation of Exercise 72, Section 
3.3.) Find the amount of medicine to which the body is most sen- 
sitive by finding the value of M that maximizes the derivative 
dR/dM, where 


and C is a constant. 
60. How we cough 


a. When we cough, the trachea (windpipe) contracts to increase 
the velocity of the air going out. This raises the questions of 
how much it should contract to maximize the velocity and 
whether it really contracts that much when we cough. 
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Under reasonable assumptions about the elasticity of 
the tracheal wall and about how the air near the wall is 
slowed by friction, the average flow velocity v can be mod- 
eled by the equation 


i 
aSrez 


v = c(% — rr? cm/sec, 5 Aa 


where 7 is the rest radius of the trachea in centimeters and c 
is a positive constant whose value depends in part on the 
length of the trachea. 

Show that v is greatest when r = (2/3)r9; that is, when 
the trachea is about 33% contracted. The remarkable fact is 
that X-ray photographs confirm that the trachea contracts 
about this much during a cough. 


T|b. Take 7% to be 0.5 and c to be | and graph v over the interval 
0 = r = 0.5. Compare what you see with the claim that v is 
at a maximum when r = (2/3)r. 


Theory and Examples 
61. An inequality for positive integers Show that if a, b, c, and d 
are positive integers, then 


@+ DP + HC + VE +) — 
abcd T 


16. 
62. The derivative dt/dx in Example 4 
a. Show that 
ar ee 
Var + x? 
is an increasing function of x. 
b. Show that 


f@) = 


ax) = —— 
Vb? + (d — xy 
is a decreasing function of x. 
c. Show that 
dt _ x d-x 
dx oVe@+xe2 |Vb + (dd — xP 


is an increasing function of x. 


63. Let f(x) and g(x) be the differentiable functions graphed here. 
Point c is the point where the vertical distance between the curves 
is the greatest. Is there anything special about the tangents to the 
two curves at c? Give reasons for your answer. 
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64. You have been asked to determine whether the function f(x) = T|b. Graph the distance function D(x) and y = Vx together and 


3 + 4cosx + cos 2x is ever negative. 


reconcile what you see with your answer in part (a). 


a. Explain why you need to consider values of x only in the y 
A” 


interval [ 0, 27]. 


b. Is f ever negative? Explain. 


65. a. The function y = cot x — V/2.csex has an absolute maxi- 
mum value on the interval 0 < x < a. Find it. 


answer in part (a). 


66. a. The function y = tanx + 3 cotx has an absolute minimum 
value on the interval 0 < x < 7/2. Find it. 


answer in part (a). 


T|b. Graph the function and compare what you see with your 


T|b. Graph the function and compare what you see with your 


68. a. How close does the semicircle y = V16 — x” come to the 


67. a. How close does the curve y = Vx come to the point point (1, V3)? 
(3/2, 0)? (Hint: If you minimize the square of the distance, T|b. Graph the distance function and y = \ /16 — x2 together and 


you can avoid square roots.) 
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y 
A “ 
y =f) 
(x9, fo) 
(2, f(%)) 
Root 
>XxX 
0 a x1 x0 
Fourth Third Second First 
APPROXIMATIONS 


FIGURE 4.46 Newton’s method starts 
with an initial guess x9 and (under favor- 
able circumstances) improves the guess 
one step at a time. 


reconcile what you see with your answer in part (a). 


In this section we study a numerical method, called Newton’s method or the Newton— 
Raphson method, which is a technique to approximate the solution to an equation 
f(x) = 0. Essentially it uses tangent lines of the graph of y = f(x) near the points where f 
is zero to estimate the solution. (A value of x where f is zero is a root of the function f and 
a solution of the equation f(x) = 0.) 


Procedure for Newton’s Method 


The goal of Newton’s method for estimating a solution of an equation f(x) = 0 is to pro- 
duce a sequence of approximations that approach the solution. We pick the first number x 
of the sequence. Then, under favorable circumstances, the method does the rest by moving 
step by step toward a point where the graph of f crosses the x-axis (Figure 4.46). At each 
step the method approximates a zero of f with a zero of one of its linearizations. Here is 
how it works. 

The initial estimate, x), may be found by graphing or just plain guessing. The method then 
uses the tangent to the curve y = f(x) at (Xp, f(%p)) to approximate the curve, calling the 
point x, where the tangent meets the x-axis (Figure 4.46). The number x, is usually a better 
approximation to the solution than is xj. The point x, where the tangent to the curve at 
(x;, f(x,)) crosses the x-axis is the next approximation in the sequence. We continue on, 
using each approximation to generate the next, until we are close enough to the root to stop. 

We can derive a formula for generating the successive approximations in the follow- 
ing way. Given the approximation x,, the point-slope equation for the tangent to the curve 


at (Xn, f%n)) is 
y = f@) + f' Gx — %)- 
We can find where it crosses the x-axis by setting y = 0 (Figure 4.47): 
0 = fn) + FO d& — Xy) 


ic ee 
fa). 
_ f(%,) 
xX =X, 7 F(x) If f'(x,) # 0 


This value of x is the next approximation x, ,;. Here is a summary of Newton’s method. 


y=fo 


Point: (x, f(x,)) 

Slope: f(x,) 

Tangent line equation: 

y — fy) = fa = Xn) 
@y»f@)) f Tangent line 

(graph of 

linearization 

of fat x,,) 


Root sought 


_ On) 


Xnt+1 = %, 


7 ri (cas ) 


FIGURE 4.47 The geometry of the suc- 
cessive steps of Newton’s method. From 
x, We go up to the curve and follow the 
tangent line down to find x,,,;. 
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Newton’s Method 

1. Guess a first approximation to a solution of the equation f(x) = 0. A graph 
of y = f(x) may help. 

2. Use the first approximation to get a second, the second to get a third, and so 
on, using the formula 


FOn) 


FG)’ if f’(x,) 7 0. (1) 


Xnt1 = Xn 


Applying Newton’s Method 


Applications of Newton’s method generally involve many numerical computations, mak- 
ing them well suited for computers or calculators. Nevertheless, even when the calcula- 
tions are done by hand (which may be very tedious), they give a powerful way to find 
solutions of equations. 

In our first example, we find decimal approximations to V2 by estimating the posi- 
tive root of the equation f(x) = x* — 2 = 0. 


EXAMPLE 1 Find the positive root of the equation 
f(xy) = x? -2=0. 


Solution With f(x) = x? — 2 and f'(x) = 2x, Equation (1) becomes 


ee Xp — 2 
Xnt+1 ~ Xn 2x 
n 
xy 1 
Tn Tx 
wm id 
2 Xn 
The equation 
Xn 1 
Xnt1 = 9 te x 


enables us to go from each approximation to the next with just a few keystrokes. With the 
starting value x) = 1, we get the results in the first column of the following table. (To five 
decimal places, V2 = 1.41421.) 


Error Number of 
correct digits 


X= 1 —0.41421 1 
x, = 1.5 0.08579 1 
X, = 1.41667 0.00246 3 
x; = 1.41422 0.00001 5 


Newton’s method is the method used by most software applications to calculate roots 
because it converges so fast (more about this later). If the arithmetic in the table in Exam- 
ple 1 had been carried to 13 decimal places instead of 5, then going one step further would 
have given V2 correctly to more than 10 decimal places. 
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FIGURE 4.48 | The graph of f(x) = 
x? — x — 1 crosses the x-axis once; this is 


the root we want to find (Example 2). 


y=xr-x-1 


(1.5, 0.875) 


Root sought 


Xo 


a 


> xX 


1 


FIGURE 4.49 The first three x-values in 
Table 4.1 (four decimal places). 


255+ 
Bo(3, 23) 
20 - 
y =xe-x-1 
IS- 
10- 


B,(2.12, 6.35) 


| Root sought 


1/V3 \ 


FIGURE 4.50 Any starting value xo to 
the right of x = 1/V3 will lead to the 
root in Example 2. 
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EXAMPLE 2 Find the x-coordinate of the point where the curve y = x? 


the horizontal line y = 1. 


— X Crosses 


Solution The curve crosses the line when x* — x = 1 or x7 — x — 1 = 0. When does 
f(x) = x° — x — 1 equal zero? Since f(1) = —1 and f(2) = 5, we know by the Interme- 


diate Value Theorem there is a root in the interval (1, 2) (Figure 4.48). 
We apply Newton’s method to f with the starting value x) = 1. The results are dis- 
played in Table 4.1 and Figure 4.49. 
At n = 5, we come to the result x6 = x5 = 1.3247 17957. When x,+; = x,, Equa- 
tion (1) shows that f(x,) = 0. We have found a solution of f(x) = 0 to nine decimals. Mf 


TABLE 4.1 The result of applying Newton’s method to f(xy) = x3 — x- 1 
with xX) = 1 
’ fn) 

n Xn Xn Xn Xn = Xn — FF 

f( ) f ( ) +1 f (X,) 
0 1 —1 2 15 
1 1.5 0.875 5.75 1.3478 26087 
2 1.3478 26087 0.1006 82173 4.4499 05482 1.3252 00399 
3 1.3252 00399 0.0020 58362 4.2684 68292 1.3247 18174 
4 1.3247 18174 0.0000 00924 4.2646 34722 1.3247 17957 
5 1.3247 17957 = — 1.8672E-13 4.2646 32999 1.3247 17957 


In Figure 4.50 we have indicated that the process in Example 2 might have started at 
the point Bo(3, 23) on the curve, with x9 = 3. Point Bo is quite far from the x-axis, but the 
tangent at Bp crosses the x-axis at about (2.12, 0), so x, is still an improvement over xo. If 
we use Equation (1) repeatedly as before, with f(x) = x*° — x — 1 and f'(x) = 3x? — 1, 
we obtain the nine-place solution x7 = x6 = 1.3247 17957 in seven steps. 


Convergence of the Approximations 


In Chapter 10 we define precisely the idea of convergence for the approximations x, in 
Newton’s method. Intuitively, we mean that as the number n of approximations increases 
without bound, the values x, get arbitrarily close to the desired root r. (This notion is 
similar to the idea of the limit of a function g(t) as t approaches infinity, as defined in 
Section 2.6.) 

In practice, Newton’s method usually gives convergence with impressive speed, but 
this is not guaranteed. One way to test convergence is to begin by graphing the function to 
estimate a good starting value for xo. You can test that you are getting closer to a zero of 
the function by evaluating | f(x,)|, and check that the approximations are converging by 
evaluating lees = Sie: 

Newton’s method does not always converge. For instance, if 


oo x<r 
Ha) = Vx, x=r, 


the graph will be like the one in Figure 4.51. If we begin with x) = r — h, we get 
x; = r+ h, and successive approximations go back and forth between these two values. 
No amount of iteration brings us closer to the root than our first guess. 

If Newton’s method does converge, it converges to a root. Be careful, however. There 
are situations in which the method appears to converge but no root is there. Fortunately, 
such situations are rare. 
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y When Newton’s method converges to a root, it may not be the root you have in mind. 
Figure 4.52 shows two ways this can happen. 


: y =f) 
Root a 
Starting found y =f 
point —c 
>X # 
a Xo 
Root sought 
Root found Root Starting 


FIGURE 4.51 Newton’s method fails to 
converge. You go from xp to x, and back 


sought — point 


to Xo, never getting any closer to r. ; 
FIGURE 4.52 _ If you start too far away, Newton’s method may miss the root you want. 


Exercises 


Root Finding 10. Approximations that get worse and worse Apply Newton’s 


: ‘ . l/s 7 = 
1. Use Newton’s method to estimate the solutions of the equation method to f(x) = x? with xy = 1 and calculate 2, x), x3, and x4. 


x’? + x — 1 = 0. Start with x) = —1 for the left-hand solution Find a formula for |~,|. What happens to |x| asm > 00? Draw a 
and with x) = 1 for the solution on the right. Then, in each case, picture that shows what is going on. 
find x. 11. Explain why the following four statements ask for the same 
2. Use Newton’s method to estimate the one real solution of information: 
x3 + 3x + 1 = 0. Start with x) = 0 and then find x). i) Find the roots of f(x) = x? — 3x — 1. 
3. Use Newton’s method to estimate the two zeros of the function ii) Find the x-coordinates of the intersections of the curve 
f(x) = x* + x — 3. Start with xy = —1 for the left-hand zero and y = x? with the line y = 3x + 1. 
with x9 = 1 for the zero on the right. Then, in each case, find 2). iii) Find the x-coordinates of the points where the curve 
4. Use Newton’s method to estimate the two zeros of the function y = x° — 3x crosses the horizontal line y = 1. 
Ss a : = 
f (@) = 2x — x° + I. Start with x) = 0 for the left-hand spas and iv) Find the values of x where the derivative of g(x) = 
with x) = 2 for the zero on the right. Then, in each case, find x). (1/4)x* — (3/2)x2 — x + 5 equals zero. 
5. Use Newton’s mene to find the positive fourth root of 2 by 12. Locating a planet To calculate a planet’s space coordinates, 
solving the equation x* — 2 = 0. Start with x) = 1 and find x. we have to solve equations like x = 1 + 0.5 sin x. Graphing the 
6. Use Newton’s method to find the negative fourth root of 2 by function f(x) = x — 1 — 0.5 sin x suggests that the function has 
solving the equation x* — 2 = 0. Start with x9 = —1 and find x. a root near x = 1.5. Use one application of Newton’s method to 


improve this estimate. That is, start with x) = 1.5 and find x. 
(The value of the root is 1.49870 to five decimal places.) Remem- 
ber to use radians. 


7. Guessing a root Suppose that your first guess is lucky, in the 
sense that x9 is a root of f(x) = 0. Assuming that f’(x) is 
defined and not 0, what happens to x, and later approximations? 

T| 13. Intersecting curves The curve y = tanx crosses the line 

y = 2x between x = 0 and x = 7/2. Use Newton’s method to 

find where. 


8. Estimating pi You plan to estimate 77/2 to five decimal places 
by using Newton’s method to solve the equation cos x = 0. Does 
it matter what your starting value is? Give reasons for your 
answer. T| 14. Real solutions of a quartic Use Newton’s method to find the 

two real solutions of the equation x* — 2x37 — x7 — 2x + 2 =0. 


Theory and Examples . : : 2 
9. Oscillation Show that if h > 0, applying Newton’s method to [T} 15. a. How many solutions does the equation sin 3x = 0.99 — x 


have? 
f(x) = ee x20 b. Use Newton’s method to find them. 
V-x, x <0 16. Intersection of curves 
leads to x, = —hifx) = h and to x, = hifxy = —h. Draw a a. Does cos 3x ever equal x? Give reasons for your answer. 


icture that shows what is going on. . 
P going b. Use Newton’s method to find where. 


17. Find the four real zeros of the function f(x) = 2x*+ — 4x7 + 1. 
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18. 


19. 
20. 
21. 


22. 


23. 
24. 


25. 


26. 


8x4 


27. 


28. 
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Estimating pi Estimate 7 to as many decimal places as your 
calculator will display by using Newton’s method to solve the 
equation tan x = 0 with x9 = 3. 

2x? 


=x) 


Intersection of curves At what value(s) of x does cos x 


Intersection of curves At what value(s) of x does cos x 


The graphs of y = x?(x + 1) and y = 1/x (x > 0) intersect at 
one point x = r. Use Newton’s method to estimate the value of r 
to four decimal places. 


y y=x(x+ 1) 


The graphs of y = Vx and y = 3 — x° intersect at one point 
x = r. Use Newton’s method to estimate the value of r to four 
decimal places. 


Intersection of curves At what value(s) of x does ex = 
x—x4+1? 


Intersection of curves At what value(s) of x does In (1 — x?) = 
x— 1? 
Use the Intermediate Value Theorem from Section 2.5 to show 


that f(x) = x? + 2x — 4 has a root between x = 1 and x = 2. 
Then find the root to five decimal places. 


Factoring a quartic Find the approximate values of 7, through 
ry in the factorization 


14x37 — 9x? 4 


11x 1= && r(x Ty)(x r3)(x 14) 


14x3 — 9x? + Llx- 1 


—10 
=o 


Converging to different zeros Use Newton’s method to find 
the zeros of f(x) = 4x* — 4x? using the given starting values. 


a. xX) = —2 and x) = —0.8, lying in (—00, -V/2/2) 

b. x = —0.5 and x = 0.25, lying in (—V21/7, V21/7) 

Cc. X = 0.8 and x9 = 2, lying in (Vays 00) 

d. x9 = —V21/7 and x) = V21/7 

The sonobuoy problem In submarine location problems, it is 


often necessary to find a submarine’s closest point of approach 
(CPA) to a sonobuoy (sound detector) in the water. Suppose that 


29. 


30. 


the submarine travels on the parabolic path y = x* and that the 
buoy is located at the point (2, —1/2). 
a. Show that the value of x that minimizes the distance between 
the submarine and the buoy is a solution of the equation 
x = 1/(@? + 1). 
b. Solve the equation x = 1/(x? + 1) with Newton’s method. 


y 
A 


Submarine track 
in two dimensions 


N 
1 | 
ly me 2 


7%, 
~ 
Sonobuoy C. -3) 


Curves that are nearly flat at the root Some curves are so flat 
that, in practice, Newton’s method stops too far from the root to 
give a useful estimate. Try Newton’s method on f(x) = (x — 1)*° 
with a starting value of x) = 2 to see how close your machine 
comes to the root x = 1. See the accompanying graph. 


y 


Slope = —40 Slope = 40 


(2, 1) 


Nearly flat 


The accompanying figure shows a circle of radius r with a chord 
of length 2 and an arc s of length 3. Use Newton’s method to 
solve for r and @ (radians) to four decimal places. Assume 
0<0<7. 
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We have studied how to find the derivative of a function and how to use it to solve a wide 
range of problems. However, many other problems require that we recover a function from 
its known derivative (from its known rate of change). For instance, the laws of physics tell 
us the acceleration of an object falling from an initial height, and we can use this to com- 
pute its velocity and its height at any time. More generally, starting with a function f, we 
want to find a function F whose derivative is f. If such a function F exists, it is called an 
antiderivative of f. We will see in the next chapter that antiderivatives are the link con- 
necting the two major elements of calculus: derivatives and definite integrals. 


Finding Antiderivatives 


DEFINITION A function F is an antiderivative of f on an interval J if 
F'(x) = f() for all x in 7. 


The process of recovering a function F(x) from its derivative f(x) is called antidifferentia- 
tion. We use capital letters such as F to represent an antiderivative of a function f, G to 
represent an antiderivative of g, and so forth. 


EXAMPLE 1 Find an antiderivative for each of the following functions. 
(a) f(x) = 2x (b) g(x) = cos x (c) A(x) = u + 2x 


Solution We need to think backward here: What function do we know has a derivative 
equal to the given function? 


(a) FQ) = + (b) G(x) = sin x (c) H(x) = In |x| + e* 


Each answer can be checked by differentiating. The derivative of F(x) = x? is 2x. 
The derivative of G(x) = sinx is cos x, and the derivative of H(x) = In |x| + e* is 
(ijx)y + Qe™. | 


The function F(x) = x? is not the only function whose derivative is 2x. The function 
x? + 1 has the same derivative. So does x? + C for any constant C. Are there others? 

Corollary 2 of the Mean Value Theorem in Section 4.2 gives the answer: Any two 
antiderivatives of a function differ by a constant. So the functions x? + C, where C is an 
arbitrary constant, form all the antiderivatives of f(x) = 2x. More generally, we have 
the following result. 


THEOREM 8 If Fis an antiderivative of f on an interval J, then the most gen- 
eral antiderivative of f on J is 


F(x) + C 


where C is an arbitrary constant. 


Thus the most general antiderivative of f on J is a family of functions F(x) + C 
whose graphs are vertical translations of one another. We can select a particular antideriva- 
tive from this family by assigning a specific value to C. Here is an example showing how 
such an assignment might be made. 
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FIGURE 4.53 Thecurves y = x7 + C 
fill the coordinate plane without overlap- 
ping. In Example 2, we identify the curve 
y = x — 2 as the one that passes through 
the given point (1,—1). 


EXAMPLE 2 Find an antiderivative of f(x) = 3x? that satisfies F(1) = —1. 
Solution Since the derivative of x? is 3x’, the general antiderivative 
Fx) =x +C 


gives all the antiderivatives of f(x). The condition F(1) = —1 determines a specific value 
for C. Substituting x = 1 into F(x) = x? + C gives 


FI) =(+C=1+C. 


Since F(1) = —1, solving 1 + C = —1 for C gives C = —2. So 


F(x) = 3 -— 2 
is the antiderivative satisfying F(1) = —1. Notice that this assignment for C selects the 
particular curve from the family of curves y = x* + C that passes through the point 
(1, —1) in the plane (Figure 4.53). a 


By working backward from assorted differentiation rules, we can derive formulas and 
rules for antiderivatives. In each case there is an arbitrary constant C in the general expres- 
sion representing all antiderivatives of a given function. Table 4.2 gives antiderivative for- 
mulas for a number of important functions. 

The rules in Table 4.2 are easily verified by differentiating the general antiderivative 
formula to obtain the function to its left. For example, the derivative of (tan kx)/k + C is 
sec” kx, whatever the value of the constants C or k # 0, and this establishes Formula 4 
for the most general antiderivative of sec? kx. 


EXAMPLE 3 Find the general antiderivative of each of the following functions. 


(a) fx) =x ) g@) = Ate = anes 
(a) i(x) = cos 5 (e) ji) =e (f) k(x) = 2 


TABLE 4.2 Antiderivative formulas, k a nonzero constant 


Function General antiderivative Function General antiderivative 
n 1 ntl — kx 1 kx 
1. x A+ 1* +C, n#-l 8. e Ke +1 
‘ 1 
2. sin kx ~_cos kx + C 9. 1 In |x| + C, x #0 
Is 
3. cos kx —sinkx + C 1 1. 
k 10. sin! kx + C 
; V1 — k 
4. sec? kx z tan kx +C 1 | ee 
11. 1+ Be tan kx + C 
5. csc? kx = cot kx + C 1 
12. ————— sec !kx + C,kx > 1 
View = 1 
6. sec kx tan kx i sec kx + C “ 
\ 13. a® ( u Jat + ardent 
7. csc kx cot kx ——cesckx + C kina 


k 
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Solution In each case, we can use one of the formulas listed in Table 4.2. 


x Formula 1 
(a) F(x) = ras C with n = 5 
(b) g(x) = x 17, so 
1/2 Formula 1 
GW) = gt C=2Vx4C with n = —1/2 
= 2 Formula 2 
(c) Hx) = ee oe mhe= 2 
sin (x / 2) saad Formula 3 
(d) I(x) = 1/2 +O = 2sin5+C with k = 1/2 
I Formula 8 
(IG) =,2 4.0 ceneeeken 
ae 1 ¢ Formula 13 
(f) Ke = (-b)2 +C wiha=2,4=1 ff 


Other derivative rules also lead to corresponding antiderivative rules. We can add and 
subtract antiderivatives and multiply them by constants. 


TABLE 4.3 Antiderivative linearity rules 


Function General antiderivative 
1. Constant Multiple Rule: kf (x) kF(x) + C, kaconstant 
2. Negative Rule: =f (x) —FQx) + C 
3. Sum or Difference Rule: f(x) = g(x) F(x) Ga) + C 


The formulas in Table 4.3 are easily proved by differentiating the antiderivatives and 
verifying that the result agrees with the original function. Formula 2 is the special case 
k = —1 in Formula 1. 


EXAMPLE 4 Find the general antiderivative of 


f@® = Ve + sin 2x. 


Solution We have that f(x) = 3g(x) + h(x) for the functions g and A in Example 3. 
Since G(x) = 2x is an antiderivative of g(x) from Example 3b, it follows from the Con- 
stant Multiple Rule for antiderivatives that 3G(x) = 3: 2Vx = 6Vx is an antiderivative 
of 3g(x) = 3/ Vx. Likewise, from Example 3c we know that H(x) = (—1/2) cos 2x is an 
antiderivative of h(x) = sin 2x. From the Sum Rule for antiderivatives, we then get that 


F(x) = 3G(x) + Hi) + C 
= 6Vx - + cos 2x + C 


is the general antiderivative formula for f(x), where C is an arbitrary constant. a 


Initial Value Problems and Differential Equations 


Antiderivatives play several important roles in mathematics and its applications. Methods 
and techniques for finding them are a major part of calculus, and we take up that study in 
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0 ground 


FIGURE 4.54 A package dropped from 
a rising hot-air balloon (Example 5). 


Chapter 8. Finding an antiderivative for a function f(x) is the same problem as finding a 
function y(x) that satisfies the equation 


dy _ 
dx FO): 


This is called a differential equation, since it is an equation involving an unknown func- 
tion y that is being differentiated. To solve it, we need a function y(x) that satisfies the 
equation. This function is found by taking the antiderivative of f(x). We can fix the arbi- 
trary constant arising in the antidifferentiation process by specifying an initial condition 


y(%o) = Yo- 
This condition means the function y(x) has the value yy) when x = x9. The combination of 
a differential equation and an initial condition is called an initial value problem. Such 
problems play important roles in all branches of science. 

The most general antiderivative F(x) + C (such as x7 + C in Example 2) of the 
function f(x) gives the general solution y = F(x) + C of the differential equation 
dy /dx = f(x). The general solution gives all the solutions of the equation (there are infi- 
nitely many, one for each value of C). We solve the differential equation by finding its 
general solution. We then solve the initial value problem by finding the particular solu- 
tion that satisfies the initial condition y(%) = yo. In Example 2, the function y = x* — 2 
is the particular solution of the differential equation dy/dx = 3x? satisfying the initial 
condition y(1) = —1. 


Antiderivatives and Motion 


We have seen that the derivative of the position function of an object gives its velocity, and 
the derivative of its velocity function gives its acceleration. If we know an object’s accel- 
eration, then by finding an antiderivative we can recover the velocity, and from an antide- 
rivative of the velocity we can recover its position function. This procedure was used as an 
application of Corollary 2 in Section 4.2. Now that we have a terminology and conceptual 
framework in terms of antiderivatives, we revisit the problem from the point of view of 
differential equations. 


EXAMPLE 5 A hot-air balloon ascending at the rate of 12 ft/sec is at a height 80 ft 
above the ground when a package is dropped. How long does it take the package to reach 
the ground? 


Solution Let v(t) denote the velocity of the package at time f, and let s(t) denote its 
height above the ground. The acceleration of gravity near the surface of the earth is 
32 ft/sec”. Assuming no other forces act on the dropped package, we have 


du _ | 32 Negative because gravity acts in the 
~ : direction of decreasing s 
dt g 


This leads to the following initial value problem (Figure 4.54): 


Differential equation: =32 


es ee 
dt 
Initial condition: v(O) = 12. Balloon initially rising 


This is our mathematical model for the package’s motion. We solve the initial value prob- 
lem to obtain the velocity of the package. 


1. Solve the differential equation: The general formula for an antiderivative of —32 is 
v = —32t+C. 


Having found the general solution of the differential equation, we use the initial con- 
dition to find the particular solution that solves our problem. 
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2. Evaluate C: 
12 = —32(0) + C Initial condition v(0) = 12 
C = 12. 
The solution of the initial value problem is 
v = —32t + 12. 


Since velocity is the derivative of height, and the height of the package is 80 ft at time 
t = 0 when it is dropped, we now have a second initial value problem: 


A : ; d. 
Differential equation: a = —32t + 12 Set v = ds/dt in the previous equation. 
Initial condition: s(O) = 80. 


We solve this initial value problem to find the height as a function of t. 
1. Solve the differential equation: Finding the general antiderivative of —32t + 12 gives 


s=—1624+ 12t+C. 


2. Evaluate C: 
80 = —16(0)? + 12(0) + C Initial condition s(0) = 80 
C = 80. 
The package’s height above ground at time f is 
s =—16f + 12 + 80. 


Use the solution: To find how long it takes the package to reach the ground, we set s 
equal to 0 and solve for rf: 


—16r7 + 12r + 80 =0 
—4P + 3r+ 20 =0 
—3 + V329 
—8 


i Quadratic formula 


t ~ —1.89, t ~ 2.64. 


The package hits the ground about 2.64 sec after it is dropped from the balloon. (The neg- 
ative root has no physical meaning.) a 


Indefinite Integrals 


A special symbol is used to denote the collection of all antiderivatives of a function f. 


DEFINITION The collection of all antiderivatives of f is called the indefinite 
integral of f with respect to x, and is denoted by 


/ f(x) dx. 


The symbol [ is an integral sign. The function f is the integrand of the inte- 
gral, and x is the variable of integration. 


After the integral sign in the notation we just defined, the integrand function is always 
followed by a differential to indicate the variable of integration. We will have more to say 
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about why this is important in Chapter 5. Using this notation, we restate the solutions of 


Example 1, as follows: 
i 2x dx = x7 + C, 


[eosxar =sinx + C, 


[G + 22) dx = In |x| +e +C. 


This notation is related to the main application of antiderivatives, which will be explored 
in Chapter 5. Antiderivatives play a key role in computing limits of certain infinite sums, 
an unexpected and wonderfully useful role that is described in a central result of Chapter 5, 
called the Fundamental Theorem of Calculus. 


EXAMPLE 6 Evaluate 
Jo — 2x + 5) dx. 


Solution If we recognize that (x*/3) — x? + 5x is an antiderivative of x? — 2x + 5, 
we can evaluate the integral as 


antiderivative 
7“ 


3 
form a= F-Pt te 
3 ce 


arbitrary constant 


If we do not recognize the antiderivative right away, we can generate it term-by-term 
with the Sum, Difference, and Constant Multiple Rules: 


for-x+nar= fear~ frvart [sax 
= [eac-2frdr+s fra 


x3 x2 


=>+C,-— x7 -2C,+ 5x + 5G, 


This formula is more complicated than it needs to be. If we combine C,, —2C,, and 5C; 
into a single arbitrary constant C = C,; — 2C, + 5C;, the formula simplifies to 


x 


zoe tSxt+C 


and still gives all the possible antiderivatives there are. For this reason, we recommend that 
you go right to the final form even if you elect to integrate term-by-term. Write 


format onarm frac— frvdr+ [sac 
3 


Sa tS C. 


Find the simplest antiderivative you can for each part and add the arbitrary constant of 
integration at the end. | 


Exercises 4.8 | 


Finding Antiderivatives 
In Exercises 1—24, find an antiderivative for each function. Do as 
many as you can mentally. Check your answers by differentiation. 


1. a. 
2. 
3: 


4. 


24. 


a. 


a. 


a. 


p 


. 7 sin 7x 


« 7 COS 17X 


. CSC X Cot x 


. sec x tan x 


b. 
b. x 
b. x 


im” 


=| 


e IN 
4, 
5 
M 


fo) 
° 
a 


nm 
oO 
lo) 
ols la 


WIN WIR 


NN] 
iv 
N|P 


aQ 
Dn 
QO 


. —cse 5x cot 5x 


. 4sec 3x tan 3x 


* 202 + 1) 


2x2 + 2" 


Finding Indefinite Integrals 
In Exercises 25-70, find the most general antiderivative or indefinite 
integral. You may need to try a solution and then adjust your guess. 
Check your answers by differentiation. 


c. 


c. 


Cc 


c. 


c. 


x —2x4+1 


x’ — 6x + 8 
x t+ 2x +3 
=P Pe 1 
5 
2- = 
a 
a 


1a 
a2 75/2 
5 
1-¢ 
4 1 
21+ 3x 2 
. sin 7x — 3 sin 3x 
. COS a + 7cosx 
2 
3x 
= ean? 2% 
+ —sec” 
. 1 — 8 csc? 2x 
=a ese = cot 2 
2 2 
sec — tan = 
2 2 
e/2 
els 
5 x 
3 
xV2-1 
1 
1 + 4x? 
wr — x! 


25 


27 


29 


31. 


33. 


35. 


37 


39 


41. 


43 


45 


47 


49. 


51. 


53. 


55 


56. 


57 


59. 


61. 


63 


5 or 1) dx 
: [(se+s)a 


é fo — 5x + 7) dx 


[era 


2 
| (eS) 
E [ex — x3) dx 


pa 


t 


é fic cos f) dt 

i / 7 sin : do 

: Jo esc? x) dx 
csc 8 cot 0 

y 5) dé 

ii (e* + 5e%) dx 

é fi (e* + 4*)dx 


26. 


30 


32. 


34. 


36. 


38. 


ios} 


40. 


42. 


44 


46 


48. 


50. 


52. 


54 


é [idscextan — 2 sec? x) dx 


4 Jon 2x — esc? x) dx 


1 + cos 4t 
i 5) dt 


[xe x — esc x cot x) dx 


58 


60. 


64. 
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[oa 


3 


£ 
7 fo sin f) dt 
. p cos 50 dé 


J Fseco tan 0 a0 
A Jee — 3e) dx 
3 7 (1.3) dx 
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. fe cos 2x — 3 sin 3x) dx 


1 — cos 6t 
j 5) dt 
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84. Right, or wrong? Say which for each formula and give a brief 
65. fl (1 + tan? 0) do 66. / (2 + tan? 0) do reason for each answer. 
3 
(Hint: 1 + tan? 6 = sec? 6) a. J wnosee 6d0 = ae +C 
67. [evtxas 68. fo — cot? x) dx b. [nose 6do = Stan? 4 +C 


(Hint: 1 + cot? x = csc? x) 


5 c. | tan 6 sec? 6d0 = F sec? 6 +€ 
69. ic O6(tan@ + sec 0) d@ 70. | eis 
oe _ 85. Right, or wrong? Say which for each formula and give a brief 


: iro ike reason for each answer. 
Checking Antiderivative Formulas 


Verify the formulas in Exercises 71-82 by differentiation. a. y (2x + 1 dx = us 
_ (Ix — 2/4 


71. fo 29 dx 78 C 
b. poe 


—1 
72. fo 52 de = FFD 


1 
3 T 


Idx = (2x +13+C 


3 


Cc. fo 1? dx = (2x + 17 +C 


1 
2 = 1 
aS: 7 See ae 5 ara ade 86. Right, or wrong? Say which for each formula and give a brief 


reason for each answer. 


ofx-— 1 a x= 1), 
74. [ose'( 3 a 3cor( 3 ) GC - [Vu lam VB eEHC 
75 a ro 
“J «w+ 1p x+1 bf vx ldx=VX4+x4+C 
76 1 ew = +0 I 
* gf Agee AP sei « [ve Lae V2ee I +c 
77. / 1 : dx=Injxt 1) +c x l 87. Right, or wrong? Give a brief reason why. 
x+ > 
= [Sip a By : 
/ e hac = (#43) Cc 
78. [roa =xev-e+C a=) . 
88. Right, or wrong? Give a brief reason why. 
de _ 1, a(x), x COs (x?) — sin (x? sin (x? 
m fata) [sah 
x 


80 , Oe = gt (:) tC iti 
Vem 2 a Initial Value Problems 


89. Which of the following graphs shows the solution of the initial 


 tanl -ly 
81. / Ls en ee lin eer a *ic value problem 
x 2 ? 
dy 
ae 2x, y = 4whenx = 1? 
82. [ow x) dx = x(sin”! x)? — 2x + 2V1 -— x sim! x + C 
; i 
83. Right, or wrong? Say which for each formula and give a brief 
reason for each answer. 
2 
a. [sinxac =F sinx +c (1, 4) 47> g(1, 4) 
b. [ssinxde = —xe08x + € T 
1 J 
c. [xsinea = xcosx + sinx + C oe = 0 i oe 


(a) (b) 


Give reasons for your answer. 


90. Which of the following graphs shows the solution of the initial 
value problem 


dy 
—=-x, y= 1whenx =~—1? 
dx 
BY » Be 
(1,1) (—1,.1) 
(-1, 1) 
> x >X >X 
0 0 0 
(a) (b) (c) 


Give reasons for your answer. 
Solve the initial value problems in Exercises 91-112. 


dy 


91. 7 = 2x — 7, y(2) = 0 
dy 

92. = 10-x, y0)=-1 

93, 2-1, >0; 92)=1 

‘ae ee ee IE 

d 

94, = = 93x? 4x +5, y(-1)=0 
dy ; 

Le a 3x 2/3, y(—-1) = —5 
dy 1 

96. = » W(4)=0 
dx /_’ > 

97. a 1+ cost, s(0) = 4 

98. - =cost+ sint, s(7)= 1 

99. a =-—a7sin70, r(0) = 0 

100. e =cos7@, r(0) = 1 
dv _ 1 _ 

101. aS secttant, v(0) = 1 

103, = ee eee al TSS 

* dt og 

du 3 

103. — = ——.,, t>1,v(2) = 0 
dt WP 1 
du 8 

104. ad = rere + sec* 4, v(0) = 1 
d’y 

105. 75 = 2- 6x; y= 4, yO) = 1 
dy ; 

106. ae =0; y(0)=2, y(0)=0 
@r_ 2. dr _ _ 

Ws aia 
d’s _ 3t. ds _ 

108. te RS dha 3, s(4)=4 


dy mn” 7 
109. == 6 yO =—8 y'@=0, yO) =5 
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PO _ oe ; 1 
110. ie 0; 6") =—-2, 8 (0) = ~> A(0) = V2 
111. y® = -sint + cos f; 

y"(0) = 7, y"(0) = (0) =—1, yO) = 0 
112. y® = —cos x + 8 sin 2x; 


yO) = 0, y"@) = y'(0) = 1, yO) = 3 
113. Find the curve y = f(x) in the xy-plane that passes through the 
point (9, 4) and whose slope at each point is 3Vx. 


114. a. Find acurve y = f(x) with the following properties: 


, ay 
i) ae = 6x 
ii) Its graph passes through the point (0, 1) and has a hori- 


zontal tangent there. 


b. How many curves like this are there? How do you know? 


Solution (Integral) Curves 
Exercises 115-118 show solution curves of differential equations. In 
each exercise, find an equation for the curve through the labeled point. 


115. 116. 


Applications 
119. Finding displacement from an antiderivative of velocity 


a. Suppose that the velocity of a body moving along the s-axis is 


a =v = 9.8t — 3. 
i) Find the body’s displacement over the time interval from 
t = 1 tot = 3 given that s = 5 whent = 0. 
ii) Find the body’s displacement from ¢ = 1 to t = 3 given 
that s = —2 when t = 0. 
iii) Now find the body’s displacement from t = 1 to t = 3 
given that s = s) when t = 0. 
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120. 


121. 


122. 


123. 


124. 


125. 


b. Suppose that the position s of a body moving along a coordi- 
nate line is a differentiable function of time +. Is it true that 
once you know an antiderivative of the velocity function 
ds/dt you can find the body’s displacement from t = a to 
t = b even if you do not know the body’s exact position at 
either of those times? Give reasons for your answer. 


Liftoff from Earth A rocket lifts off the surface of Earth with 
a constant acceleration of 20 m/sec”. How fast will the rocket 
be going 1 min later? 

Stopping a carintime You are driving along a highway at a 
steady 60 mph (88 ft/sec) when you see an accident ahead 
and slam on the brakes. What constant deceleration is required 
to stop your car in 242 ft? To find out, carry out the following 
steps. 


1. Solve the initial value problem 
25 
Differential equation: — > = —k (k constant) 


88 and s = 0 whent = 0. 


Measuring time and distance from 
when the brakes are applied 
2. Find the value of t that makes ds/dt = 0. (The answer will 
involve k.) 


Initial conditions: 


3. Find the value of k that makes s = 242 for the value of t you 
found in Step 2. 


Stopping a motorcycle The State of Illinois Cycle Rider 
Safety Program requires motorcycle riders to be able to brake 
from 30 mph (44 ft/sec) to 0 in 45 ft. What constant decelera- 
tion does it take to do that? 


Motion along a coordinate line A particle moves on a coordi- 
nate line with acceleration a = d?s/dt? = 15Vt — (3/V*), 
subject to the conditions that ds/dt = 4 and s = 0 whent = 1. 
Find 

a. the velocity v = ds/dt in terms of t 

b. the position s in terms of f. 


The hammer and the feather When Apollo 15 astronaut 
David Scott dropped a hammer and a feather on the moon to 
demonstrate that in a vacuum all bodies fall with the same (con- 
stant) acceleration, he dropped them from about 4 ft above the 
ground. The television footage of the event shows the hammer 
and the feather falling more slowly than on Earth, where, in a 
vacuum, they would have taken only half a second to fall the 4 
ft. How long did it take the hammer and feather to fall 4 ft on the 
moon? To find out, solve the following initial value problem for 
s as a function of ft. Then find the value of ¢ that makes s equal to 0. 


2 


Differential equation: . = —5.2 ft/sec? 


Initial conditions: & = Oands = 4 whent = 0 


Motion with constant acceleration The standard equation for 
the position s of a body moving with a constant acceleration a 
along a coordinate line is 

a 


5h + vot + 5, (1) 


c= 


where vp, and sp are the body’s velocity and position at time 
t = 0. Derive this equation by solving the initial value problem 


: . as 
Differential equation: —> = 
dt 
ve Sa ds 
Initial conditions: ae M8 and s = sy whent = 0. 


126. Free fall near the surface of a planet For free fall near the 
surface of a planet where the acceleration due to gravity has a 
constant magnitude of g length-units/sec”, Equation (1) in Exer- 
cise 125 takes the form 


s= — $90? + uot + 5, (2) 


where s is the body’s height above the surface. The equation has 
a minus sign because the acceleration acts downward, in the 
direction of decreasing s. The velocity up is positive if the object 
is rising at time ¢ = O and negative if the object is falling. 
Instead of using the result of Exercise 125, you can derive 
Equation (2) directly by solving an appropriate initial value 
problem. What initial value problem? Solve it to be sure you 
have the right one, explaining the solution steps as you go along. 


127. Suppose that 
an. _ d 
fx) = at Vx) and g(x) = at © ds 


Find: 


a. [re dx b. feo dx 
c. [cre dx d. ji dx 


e. i) + g(x)] dx f. [ite — g(x) ] dx 


128. Uniqueness of solutions If differentiable functions y = F(x) 
and y = g(x) both solve the initial value problem 


dy _ 2 
= fe). yo) = Yo 


on an interval /, must F(x) = G(x) for every x in J? Give reasons 
for your answer. 


COMPUTER EXPLORATIONS 
Use a CAS to solve the initial value problems in Exercises 129-132. 
Plot the solution curves. 


129. y’ = cos?x + sinx, y(m7) = 1 


P+x, y)=-l 


130. y' = 5 


1 
V4— x 
132. y" = 2+ Vx, y(1)=0, y= 0 


131. y’ yO) = 2 
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Chapter 4 Practice Exercises 


Chapter 4 Questions to Guide Your Review 


1, 


12. 


13. 


What can be said about the extreme values of a function that is 
continuous on a closed interval? 


. What does it mean for a function to have a local extreme value on 


its domain? An absolute extreme value? How are local and abso- 
lute extreme values related, if at all? Give examples. 


. How do you find the absolute extrema of a continuous function 


on a closed interval? Give examples. 


. What are the hypotheses and conclusion of Rolle’s Theorem? Are 


the hypotheses really necessary? Explain. 


. What are the hypotheses and conclusion of the Mean Value Theo- 


rem? What physical interpretations might the theorem have? 


. State the Mean Value Theorem’s three corollaries. 


. How can you sometimes identify a function f(x) by knowing f’ 


and knowing the value of f at a point x = x)? Give an example. 


. What is the First Derivative Test for Local Extreme Values? Give 


examples of how it is applied. 


. How do you test a twice-differentiable function to determine 


where its graph is concave up or concave down? Give examples. 


. What is an inflection point? Give an example. What physical sig- 


nificance do inflection points sometimes have? 


. What is the Second Derivative Test for Local Extreme Values? 


Give examples of how it is applied. 

What do the derivatives of a function tell you about the shape of 
its graph? 

List the steps you would take to graph a polynomial function. 
Illustrate with an example. 


Chapter Ce Practice Exercises 


Extreme Values 


1. 


Does f(x) = x? + 2x + tan x have any local maximum or mini- 
mum values? Give reasons for your answer. 


Does g(x) = csc x + 2cotx have any local maximum values? 
Give reasons for your answer. 

Does f(x) = (7 + x)\(11 — 3x)'3 have an absolute minimum 
value? An absolute maximum? If so, find them or give reasons 
why they fail to exist. List all critical points of f. 


Find values of a and b such that the function 


has a local extreme value of 1 at x = 3. Is this extreme value a 
local maximum, or a local minimum? Give reasons for your 
answer. 


Does g(x) = e* — x have an absolute minimum value? An abso- 
lute maximum? If so, find them or give reasons why they fail to 
exist. List all critical points of g. 


14. 
15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


6. 


What is a cusp? Give examples. 


List the steps you would take to graph a rational function. Illus- 
trate with an example. 


Outline a general strategy for solving max-min problems. Give 
examples. 


Describe I’ H6pital’s Rule. How do you know when to use the rule 
and when to stop? Give an example. 


How can you sometimes handle limits that lead to indeterminate 
forms 00/00, 00-0, and 00 — 0o? Give examples. 


How can you sometimes handle limits that lead to indeterminate 
forms 1°, 0°, and co? Give examples. 


Describe Newton’s method for solving equations. Give an example. 
What is the theory behind the method? What are some of the 
things to watch out for when you use the method? 


Can a function have more than one antiderivative? If so, how are 
the antiderivatives related? Explain. 


What is an indefinite integral? How do you evaluate one? What 
general formulas do you know for finding indefinite integrals? 


How can you sometimes solve a differential equation of the form 
dy/dx = f(x)? 

What is an initial value problem? How do you solve one? Give an 
example. 


If you know the acceleration of a body moving along a coordinate 
line as a function of time, what more do you need to know to find 
the body’s position function? Give an example. 


Does f(x) = 2e*/(1 + x’) have an absolute minimum value? An 
absolute maximum? If so, find them or give reasons why they fail 
to exist. List all critical points of f. 


In Exercises 7 and 8, find the absolute maximum and absolute mini- 
mum values of f over the interval. 


7. 
8. 
9, 


10. 


f@ =x-2Inx, 1sxs3 

f(x) = (4/xs) + Inv, 1sxs4 

The greatest integer function f(x) = |x|, defined for all values 
of x, assumes a local maximum value of 0 at each point of [ 0, 1). 


Could any of these local maximum values also be local minimum 
values of f? Give reasons for your answer. 


a. Give an example of a differentiable function f whose first 
derivative is zero at some point c even though f has neither a 
local maximum nor a local minimum at c. 


b. How is this consistent with Theorem 2 in Section 4.1? Give 
reasons for your answer. 
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11. 


12. 


13. 


T} 14. 
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The function y = 1/x does not take on either a maximum or a 
minimum on the interval 0 < x < 1 even though the function is 
continuous on this interval. Does this contradict the Extreme 
Value Theorem for continuous functions? Why? 


What are the maximum and minimum values of the function 
y = |x| on the interval —1 < x < 1? Notice that the interval is 
not closed. Is this consistent with the Extreme Value Theorem for 
continuous functions? Why? 


A graph that is large enough to show a function’s global behavior 
may fail to reveal important local features. The graph of f(x) = 
(x8/8) — (x°/2) — x° + 5x? is a case in point. 

a. Graph f over the interval —2.5 = x = 2.5. Where does the 
graph appear to have local extreme values or points of inflec- 
tion? 

b. Now factor f'(x) and show that f has a local maximum at 
x =W5 ~ 1.70998 and local minima at x = +V3 ~ 
+ 1.73205. 


c. Zoom in on the graph to find a viewing window that shows 
the presence of the extreme values at x = W5 and x = V3. 


The moral here is that without calculus the existence of two 
of the three extreme values would probably have gone unnoticed. 
On any normal graph of the function, the values would lie close 
enough together to fall within the dimensions of a single pixel on 
the screen. 

(Source: Uses of Technology in the Mathematics Curricu- 
lum, by Benny Evans and Jerry Johnson, Oklahoma State Univer- 
sity, published in 1990 under a grant from the National Science 
Foundation, USE-8950044.) 


(Continuation of Exercise 13.) 


a. Graph f(x) = («8/8) — (2/5)x° — 5x — (5/x?) + 11 over 
the interval —2 = x = 2. Where does the graph appear to 
have local extreme values or points of inflection? 


b. Show that f has a local maximum value at x = W5 ~ 1.2585 
anda local minimum value at x = W2 ~ 1.2599. 


c. Zoom in to find a viewing window that shows the presence of 
the extreme values at x = W/5 and x = W2. 


The Mean Value Theorem 


15. 


16. 


18. 


19. 


a. Show that g(f) = sin? t — 3r decreases on every interval in its 
domain. 


b. How many solutions does the equation sin?¢ — 3t = 5 have? 
Give reasons for your answer. 


a. Show that y = tan @ increases on every open interval in its 
domain. 


b. If the conclusion in part (a) is really correct, how do you 
explain the fact that tan 7 = 0 is less than tan(7/4) = 1? 


. a. Show that the equation x* + 2x7 — 2 = 0 has exactly one 


solution on [0,1]. 
b. Find the solution to as many decimal places as you can. 


a. Show that f(x) = x/(x + 1) increases on every open interval 
in its domain. 


b. Show that f(x) = x? + 2x has no local maximum or mini- 
mum values. 


Water inareservoir As a result of a heavy rain, the volume of 
water in a reservoir increased by 1400 acre-ft in 24 hours. Show 


20. 


21. 


22. 


that at some instant during that period the reservoir’s volume was 
increasing at a rate in excess of 225,000 gal/min. (An acre-foot 
is 43,560 ft’, the volume that would cover | acre to the depth of 
1 ft. A cubic foot holds 7.48 gal.) 


The formula F(x) = 3x + C gives a different function for each 
value of C. All of these functions, however, have the same deriva- 
tive with respect to x, namely F’(x) = 3. Are these the only dif- 
ferentiable functions whose derivative is 3? Could there be any 
others? Give reasons for your answers. 


Show that 


even though 


xt+1 “xt 


Doesn’t this contradict Corollary 2 of the Mean Value Theorem? 
Give reasons for your answer. 


Calculate the first derivatives of f(x) = x?/(x? + 1) and g(x) = 
—1/(x? + 1). What can you conclude about the graphs of these 
functions? 


Analyzing Graphs 
In Exercises 23 and 24, use the graph to answer the questions. 


23. 


24. 


Identify any global extreme values of f and the values of x at 
which they occur. 


Estimate the open intervals on which the function y = f(x) is 
a. increasing. 
b. decreasing. 


c. Use the given graph of f’ to indicate where any local extreme 
values of the function occur, and whether each extreme is a 
relative maximum or minimum. 


Each of the graphs in Exercises 25 and 26 is the graph of the position 
function s = f(f) of an object moving on a coordinate line (¢ represents 
time). At approximately what times (if any) is each object’s (a) velocity 
equal to zero? (b) Acceleration equal to zero? During approximately 
what time intervals does the object move (c) forward? (d) Backward? 
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69. lim (sex — cotx) 70. im( - 4) 


x0 x4 x2 


71. lim (Vx? txet1-Vxe- x) 


x00 


3 3 
73. tin) —— 
xo~ly? — 1 x? + 1 


Find the limits in Exercises 73-84. 


2 0 = I all 
73. lim 7 74. lim r 
: gsin x 1 2-sin x 1 
Graphs and Graphing 75; lim —_ 76. lim—— i 
Graph the curves in Exercises 27—42. a i Se 
27. y = x = '/6) 28. y= — 3 +3 ino 8. in 
Pee re x0e* —x-— 1 0) (xe 
Ai ee eels _ t-In(l +20 _ sin2(arx) 
30. y = (1/8)(x3 + 3x7 — 9x — 27) a — a ea 
31. y= (8 — x 32. y = x°(2x7 — 9 t 
f ( ) x ( ) 81. lim (¢ 7 t) 82. lim e/Y ny 
33. y= x — 3x7 34. y = x'3(x — 4) 0" y>0" 
35. y=xV3—-x 36. y=xV4 —- x? i di (1+ y a. 4 (1+2+2) 
37. y= ( — 3)°e* 38. y =xe™ rere 20 a 
39. y = In(x* — 4x + 3) 40. y = In(sin x) Optimization 
ee afl 85. The sum of two nonnegative numbers is 36. Find the numbers if 
41. y= sin |< 42. y = tan |; 
a. the difference of their square roots is to be as large as possible. 
Each of Exercises 43-48 gives the first derivative of a function b. the sum of their square roots is to be as large as possible. 
y = f(x). (a) At what points, if any, does the graph of f have a local 86. The sum of two nonnegative numbers is 20. Find the numbers 
maximum, local minimum, or inflection point? (b) Sketch the general a. if the product of one number and the square root of the other 
shape of the graph. is to be as large as possible. 
43. y' = 16 — x 44, y' =x? —x—-—6 b. if one number plus the square root of the other is to be as 
45. y’ = 6x(x + L(x — 2) 46. y' = x°(6 — 4x) large as possible. 
47. y' = x4 — 2x? 48. y' = 4x7 — x4 87. An isosceles triangle has its vertex at the origin and its base paral- 


lel to the x-axis with the vertices above the axis on the curve 


In Exercises 49-52, graph each function. Then use the function’s first 
y = 27 — x’. Find the largest area the triangle can have. 


derivative to explain what you see. 
49. y= 3 + (x — 15 50. y= 22 + — 173 88. A customer has asked you to design an open-top rectangular 
stainless steel vat. It is to have a square base and a volume of 


S/F as, fy. TUB = 42/3 — (¢— it 
eae aa ve) a a es) 32 ft?, to be welded from quarter-inch plate, and to weigh no 
Sketch the graphs of the rational functions in Exercises 53-60. more than necessary. What dimensions do you recommend? 
_ eel _ _2x 89. Find the height and radius of the largest right circular cylinder 
53. y= 54. y = : : 
x—3 x+5 that can be put in a sphere of radius V3. 
$e r+ 56. y = P= 90. The figure here shows two right circular cones, one upside down 
, a , a inside the other. The two bases are parallel, and the vertex of the 
57. y= we+2 58 _ eS) smaller cone lies at the center of the larger cone’s base. What 
mp 2x vee x? values of r and h/ will give the smaller cone the largest possible 
2-4 x2 volume? 
59. y = > 60. y= 
y x - 3 y x2 — 4 ee 


Using L'H6pital’s Rule 
Use I’ H6pital’s Rule to find the limits in Exercises 61-72. 


2 an Oa ’ 
oi; a 62. tin 12 
xl x- 1 xl x? — J ( ee 
. tanx i tan x  § ia 
63. lim — 64. lim ——— / { 
xT x0 X + sinx 
baa) : LY, \ h 
65. lim > 66. lim aay 
x>0 tan(x*) x0 SIN nx ———_ Ae 
67. lim sec 7x cos 3x 68. lim Vx sec x 
xar/2- x0" 
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91. 


92. 


93. 


94. 
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Manufacturing tires Your company can manufacture x hun- 
dred grade A tires and y hundred grade B tires a day, where 
0=x = 4and 


_ 40 = 10x 
y 5x: 


Your profit on a grade A tire is twice your profit on a grade B tire. 
What is the most profitable number of each kind to make? 


Particle motion The positions of two particles on the s-axis are 
5; = cost and s) = cos(t + 7/4). 


a. What is the farthest apart the particles ever get? 
b. When do the particles collide? 


Open-top box An open-top rectangular box is constructed from 
a 10-in.-by-16-in. piece of cardboard by cutting squares of equal 
side length from the corners and folding up the sides. Find ana- 
lytically the dimensions of the box of largest volume and the 
maximum volume. Support your answers graphically. 


The ladder problem What is the approximate length (in feet) 
of the longest ladder you can carry horizontally around the corner 
of the corridor shown here? Round your answer down to the near- 
est foot. 


Newton’s Method 
95. Let f(x) = 3x — x°. Show that the equation f(x) = —4 has a 


solution in the interval [ 2, 3 ] and use Newton’s method to find it. 


96. Let f(x) = x*+ — x3. Show that the equation f(x) = 75 has a solu- 


tion in the interval [ 3, 4] and use Newton’s method to find it. 


Finding Indefinite Integrals 

Find the indefinite integrals (most general antiderivatives) in Exer- 
cises 97-120. You may need to try a solution and then adjust your 
guess. Check your answers by differentiation. 


97. 
99. 


101 


105. i 8 + x4)!/4 dx 


fl dr 
. (r + 5) 


103. [ove +1d0 


for 5x — 7) dx 


[evi ~ ‘) dt 


3_¢0 
98. [(w 5) + : dt 
1 3 
100. ee 
IG; ‘) me 
6dr 
102. | —-“— 
iu (r- v2} 


6 
104. | ——— do 
i V7+ 62 
106. i (2 — x) dx 


107. [seine 108. [osms ds 


109. [ esc V20 cot V26 do 110. / sec Stan 5 ao 


111. [x ya (win sin?@ = Lage) 


112. i cos? 5 dx 

ihed [G = :) dx 

as. / (eee le 
: 5 

117. i 6'-7 do 


3 
119. ——— dx 
is Vi2- 1 


Initial Value Problems 
Solve the initial value problems in Exercises 121-124. 


dy x24] 


114, (5+ s ar 
er td 


116. Jo + ©)ds 


118. q 27h ap 


do 
120. Ize 
V16 — 0? 


i, a 
d 2 

122, = = (<+4). yd) = 1 
er 3 

123. — = 15Vt4 ; r()=8, 1) =0 
ge Viti rd) rl) 
ar 

124. ae =-cost; r’(0)=r'(0) =0, r(0)=-1 


Applications and Examples 
125. Can the integrations in (a) and (b) both be correct? Explain. 


=sin'x+C 


. [| 


—cos'!x+C 


126. Can the integrations in (a) and (b) both be correct? Explain. 


a a = a —cos'x+C 
: V1 - x? V1 — x? 
b / dx -| —du x =u 
V1- x V1 - (u)? dx = —du 
-[S 
V1l- wv 
=cos!u+C 
= cos !(-x) + C “= =x 


127. The rectangle shown here has one side on the positive y-axis, 
one side on the positive x-axis, and its upper right-hand vertex 


on the curve y = e*. What dimensions give the rectangle its 
largest area, and what is that area? 


0 


128. The rectangle shown here has one side on the positive y-axis, 


one side on the positive x-axis, and its upper right-hand vertex 
on the curve y = (In x)/x”. What dimensions give the rectangle 
its largest area, and what is that area? 


pe Inx 
d x 


>X 


0 1 


In Exercises 129 and 130, find the absolute maximum and minimum 
values of each function on the given interval. 


_ 1. ve 
129. y = xIn 2x — x, lz:§| 


130. y = 10x(2 — Inx), 


In Exercises 131 and 132, find the absolute maxima and minima of 


(0, e7 | 


the functions and say where they are assumed. 


131. f(x) = 


yVerI 


132. 


133. 


T | 134. 


T| 135. 
136. 
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(x) = N3 —2x-x7 


Graph the following functions and use what you see to locate 
and estimate the extreme values, identify the coordinates of the 
inflection points, and identify the intervals on which the graphs 
are concave up and concave down. Then confirm your estimates 
by working with the functions’ derivatives. 

(In x)/ Vx 


x 


ay= 
be y=e 


e« y=(1+ xe* 


Graph f(x) = x In x. Does the function appear to have an abso- 
lute minimum value? Confirm your answer with calculus. 


Graph f(x) = (sin x)*"* over [ 0, 37]. Explain what you see. 


A round underwater transmission cable consists of a core of cop- 
per wires surrounded by nonconducting insulation. If x denotes 
the ratio of the radius of the core to the thickness of the insula- 
tion, it is known that the speed of the transmission signal is 
given by the equation v = x? In(1/x). If the radius of the core is 
1 cm, what insulation thickness / will allow the greatest trans- 
mission speed? 


Insulation 


= |5 


Chapter [a Additional and Advanced Exercises 


Functions and Derivatives 


1. 


What can you say about a function whose maximum and mini- 
mum values on an interval are equal? Give reasons for your 
answer. 


. Is it true that a discontinuous function cannot have both an abso- 


lute maximum and an absolute minimum value on a closed inter- 
val? Give reasons for your answer. 


. Can you conclude anything about the extreme values of a contin- 


uous function on an open interval? On a half-open interval? Give 
reasons for your answer. 


. Local extrema Use the sign pattern for the derivative 


df 
dx Oe 


D(x — 2)°(x — 3)%(« — 4)4 


to identify the points where f has local maximum and minimum 
values. 


. Local extrema 


a. Suppose that the first derivative of y = f(x) is 
y’ = 6 + Dix — 2). 


At what points, if any, does the graph of f have a local maxi- 
mum, local minimum, or point of inflection? 


b. Suppose that the first derivative of y = f(x) is 
y’ = 6x(x + 1)(x — 2). 


At what points, if any, does the graph of f have a local maxi- 
mum, local minimum, or point of inflection? 


. If f(x) S 2 for all x, what is the most the values of f can 


increase on [ 0, 6]? Give reasons for your answer. 


. Bounding a function Suppose that f is continuous on [a, b | 


and that c is an interior point of the interval. Show that if 
f'(x) = 0 on [a,c) and f'(x) = 0 on (c, b], then f(x) is never 
less than f(c) on [a,b]. 


. An inequality 


a. Show that —1/2 S x/(1 + x?) S 1/2 for every value of x. 


b. Suppose that f is a function whose derivative is f'(x) = 
x/(1 + x’). Use the result in part (a) to show that 


IF) — fla] = 5|b - al 


for any a and b. 
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The derivative of f(x) = x? is zero at x = 0, but f is not a con- 
stant function. Doesn’t this contradict the corollary of the Mean 
Value Theorem that says that functions with zero derivatives are 
constant? Give reasons for your answer. 


Extrema and inflection points 
two differentiable functions of x. 


Let h = fg be the product of 


a. If f and g are positive, with local maxima at x = a, and if f’ 
and g’ change sign at a, does h have a local maximum at a? 


b. If the graphs of f and g have inflection points at x = a, does 
the graph of h have an inflection point at a? 


In either case, if the answer is yes, give a proof. If the answer is no, 
give a counterexample. 


11. 


12. 


Finding a function Use the following information to find the 
values of a, b, and c in the formula f(x) = («+ a)/ 
(bx? + cx + 2). 


i) The values of a, b, and c are either 0 or 1. 
ii) The graph of f passes through the point (— 1, 0). 
iii) The line y = 1 is an asymptote of the graph of f. 


Horizontal tangent For what value or values of the constant k 
will the curve y = x° + kx? + 3x — 4 have exactly one horizon- 
tal tangent? 


Optimization 


13. 


14. 


15. 


Largest inscribed triangle Points A and B lie at the ends of a 
diameter of a unit circle and point C lies on the circumference. Is 
it true that the area of triangle ABC is largest when the triangle is 
isosceles? How do you know? 


Proving the second derivative test The Second Derivative 
Test for Local Maxima and Minima (Section 4.4) says: 


a. f has a local maximum value at x = c if f'(c) = 0 and 
fc) <0 
b. f has a local minimum value at x = c if f’(c) = 0 and 
fc) > 0. 
To prove statement (a), let € = (1/2)|f’(c)|. Then use the fact 
that 


nos on fetD-fO_. fc+hH 
Ne h a ah 


to conclude that for some 6 > 0, 


fic th 


0<|h| <6 => 
h 


< f"(c) +e <0. 
Thus, f'(c + h) is positive for —6 < h < 0 and negative for 
0 < h < 6. Prove statement (b) in a similar way. 


Hole in a water tank You want to bore a hole in the side of the 
tank shown here at a height that will make the stream of water 
coming out hit the ground as far from the tank as possible. If you 
drill the hole near the top, where the pressure is low, the water 
will exit slowly but spend a relatively long time in the air. If you 
drill the hole near the bottom, the water will exit at a higher 
velocity but have only a short time to fall. Where is the best place, 
if any, for the hole? (Hint: How long will it take an exiting drop- 
let of water to fall from height y to the ground?) 


16. 


17. 


Tank kept full, y 
top open 


Oe velocity = \/ 64(h — y) 


Ground 
> xX 
Range 
Kicking a field goal An American football player wants to kick 


a field goal with the ball being on a right hash mark. Assume that 
the goal posts are b feet apart and that the hash mark line is a dis- 
tance a > 0 feet from the right goal post. (See the accompanying 
figure.) Find the distance h from the goal post line that gives the 
kicker his largest angle 8. Assume that the football field is flat. 


Goal posts 


Goal post line 


Football 


A max-min problem with a variable answer Sometimes the 
solution of a max-min problem depends on the proportions of the 
shapes involved. As a case in point, suppose that a right circular 
cylinder of radius r and height / is inscribed in a right circular 
cone of radius R and height H, as shown here. Find the value of r 
(in terms of R and H) that maximizes the total surface area of the 
cylinder (including top and bottom). As you will see, the solution 
depends on whether H = 2R or H > 2R. 


18. 


Minimizing a parameter Find the smallest value of the posi- 
tive constant m that will make mx — 1 + (1/x) greater than or 
equal to zero for all positive values of x. 


Limits 


19. 


20. 


Evaluate the following limits. 


. 2 sin 5x Bec 
a. lim —,~— b. limsin 5x cot 3x 
x0 0 3x x0 
ce. limx csc? V2x d. lim (sec x — tan x) 
x0 xr /2 
. x — sinx sin x? 
e; lim:-———— f. im ——— 
x0 X — tanx x->0 X SIN Xx 
3 
. secx — 1 i 8 = 8 
g. lim ——,— h. limsS 
x0 x x>2x° —4 


L’H6pital’s Rule does not help with the following limits. Find 
them some other way. 
a, WZ ‘ 2x 
a: im. ——-— b. = lim ——— 
PIPOON KD roy + 7V/x 


Theory and Examples 


21. 


22. 


23. 


24. 


Suppose that it costs a company y = a + bx dollars to produce x 
units per week. It can sell x units per week at a price of 
P =c — exdollars per unit. Each of a, b, c, and e represents a 
positive constant. (a) What production level maximizes the 
profit? (b) What is the corresponding price? (c) What is the 
weekly profit at this level of production? (d) At what price should 
each item be sold to maximize profits if the government imposes 
a tax of t dollars per item sold? Comment on the difference 
between this price and the price before the tax. 


Estimating reciprocals without division You can estimate the 

value of the reciprocal of a number a without ever dividing by a if 

you apply Newton’s method to the function f(x) = (1/x) — a. 

For example, if a = 3, the function involved is f(x) = (1/x) — 3. 

a. Graph y = (1/x) — 3. Where does the graph cross the 
X-axis? 


b. Show that the recursion formula in this case is 


An+1 = X,(2 ~ 3x,)s 


so there is no need for division. 
To find x = Wa, we apply Newton’s method to f(x) = x4 — a. 
Here we assume that a is a positive real number and q is a posi- 
tive integer. Show that x, is a “weighted average” of x9 and 
a/xo1—!, and find the coefficients mp, m, such that 


a 
X; = MX + my, >) 
Xo! 


What conclusion would you reach if x) and a/x?~! were equal? 
What would be the value of x, in that case? 


my > 0,m, > 0, 
my + m = 1. 


The family of straight lines y = ax + b (a, b arbitrary constants) 
can be characterized by the relation y” = 0. Find a similar rela- 
tion satisfied by the family of all circles 


G@- hr + 


where / and r are arbitrary constants. (Hint: Eliminate h and r 
from the set of three equations including the given one and two 
obtained by successive differentiation.) 


yar, 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 
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Free fall in the fourteenth century In the middle of the four- 
teenth century, Albert of Saxony (1316-1390) proposed a model 
of free fall that assumed that the velocity of a falling body was 
proportional to the distance fallen. It seemed reasonable to think 
that a body that had fallen 20 ft might be moving twice as fast as 
a body that had fallen 10 ft. And besides, none of the instruments 
in use at the time were accurate enough to prove otherwise. 
Today we can see just how far off Albert of Saxony’s model was 
by solving the initial value problem implicit in his model. Solve 
the problem and compare your solution graphically with the 
equation s = 16f7. You will see that it describes a motion that 
starts too slowly at first and then becomes too fast too soon to be 
realistic. 


Group blood testing During World War II it was necessary to 
administer blood tests to large numbers of recruits. There are two 
standard ways to administer a blood test to N people. In method 1, 
each person is tested separately. In method 2, the blood samples 
of x people are pooled and tested as one large sample. If the test is 
negative, this one test is enough for all x people. If the test is posi- 
tive, then each of the x people is tested separately, requiring a 
total of x + 1 tests. Using the second method and some probabil- 
ity theory it can be shown that, on the average, the total number 


of tests y will be 
dl 
y=M1-¢qt yy}. 


With g = 0.99 and N = 1000, find the integer value of x that mini- 
mizes y. Also find the integer value of x that maximizes y. (This 
second result is not important to the real-life situation.) The group 
testing method was used in World War II with a savings of 80% over 
the individual testing method, but not with the given value of q. 


Assume that the brakes of an automobile produce a constant 
deceleration of k ft/sec”. (a) Determine what k must be to bring 
an automobile traveling 60 mi/hr (88 ft/sec) to rest in a distance 
of 100 ft from the point where the brakes are applied. (b) With 
the same k, how far would a car traveling 30 mi/hr go before 
being brought to a stop? 


Let f(x), g(x) be two continuously differentiable functions satis- 
fying the relationships f'(x) = g(x) and f"(x) = —f(x). Let 
h(x) = f?(x) + g7(x). If h(O) = 5, find A(10). 

Can there be a curve satisfying the following conditions? d*y/dx? 
is everywhere equal to zero and, when x = 0,y =O and 
dy/dx = 1, Give a reason for your answer. 


Find the equation for the curve in the xy-plane that passes through 
the point (1, —1) if its slope at x is always 3x? + 2. 

A particle moves along the x-axis. Its acceleration is a = —?°. At 
t = 0, the particle is at the origin. In the course of its motion, it 
reaches the point x = b, where b > 0, but no point beyond b. 
Determine its velocity at t = 0. 


A particle moves with acceleration a = Vi - (1 / Vt). Assum- 
ing that the velocity v = 4/3 and the position s = —4/15 when 
t = 0, find 


a. the velocity v in terms of t. 
b. the position s in terms of t. 


Given f(x) = ax? + 2bx + c with a > 0. By considering the 
minimum, prove that f(x) = O for all real x if and only if 
b’ — ac S 0. 
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34. Schwarz’s inequality 


a. In Exercise 33, let 


f(x) = (ayx + bP? + (x + by)? + °° 


+ (a,x + b,), 


and deduce Schwarz’s inequality: 
(ajb, + dyby + +++ + a,b,)* 


= (a;2 + ay? +--+ + a,2)(b,2 + bp? +--+ + b,2). 


b. Show that equality holds in Schwarz’s inequality only if there 
exists a real number x that makes a,x equal —b; for every 


> 
dy cep dy cos 0 


a > 


Q 
x |@|> 
v 
(o) 


In our model, we assume that AC = a and BC = PD are fixed. 
Thus we have the relations 


value of i from | to n. 


4 Z d, + d,cos@=a_ d,sin0 = b, 
35. The best branching angles for blood vessels and pipes When 


a smaller pipe branches off from a larger one in a flow system, we so that 
may want it to run off at an angle that is best from some energy- 
saving point of view. We might require, for instance, that energy 
loss due to friction be minimized along the section AOB shown in 
the accompanying figure. In this diagram, B is a given point to be 
reached by the smaller pipe, A is a point in the larger pipe 
upstream from B, and O is the point where the branching occurs. : ( a—bcot@ . besc s) 


d, = besc 8, 
d, =a-—d,cos0 =a — bcoté. 


We can express the total loss L as a function of 6: 


A law due to Poiseuille states that the loss of energy due to fric- Rt 4 

nye mn nonnenenk How proportional #0 the lengity of the Balls a. Show that the critical value of 0 for which dL/d@ equals zero 
and inversely proportional to the fourth power of the radius. ; 

Thus, the loss along AO is (kd,)/R* and along OB is (kd )/r*, - 

where k is a constant, d, is the length of AO, d, is the length of _ rt 

OB, R is the radius of the larger pipe, and r is the radius of the 
smaller pipe. The angle @ is to be chosen to minimize the sum of 


b. If the ratio of the pipe radii is r/R = 5/6, estimate to the 
these two losses: 


nearest degree the optimal branching angle given in part (a). 


d d, 
L= kos + ka 


Chapter 4 Technology Application Projects 


Mathematica/Maple Modules: 


Motion Along a Straight Line: Position — Velocity — Acceleration 


You will observe the shape of a graph through dramatic animated visualizations of the derivative relations among the position, velocity, and 
acceleration. Figures in the text can be animated. 


Newton’s Method: Estimate 7 to How Many Places? 


Plot a function, observe a root, pick a starting point near the root, and use Newton’s Iteration Procedure to approximate the root to a desired 
accuracy. The numbers 77, e, and V2 are approximated. 


Integrals 


OVERVIEW A great achievement of classical geometry was obtaining formulas for the 
areas and volumes of triangles, spheres, and cones. In this chapter we develop a method to 
calculate the areas and volumes of very general shapes. This method, called integration, is 
a way to calculate much more than areas and volumes. The definite integral is the key tool 
in calculus for defining and calculating many important quantities, such as areas, volumes, 
lengths of curved paths, probabilities, averages, energy consumption, the weights of vari- 
ous objects, and the forces against a dam’s floodgates, just to mention a few. Many of 
these applications are studied in subsequent chapters. 

As with the derivative, the definite integral also arises as a limit, this time of increas- 
ingly fine approximations to the quantity of interest. The idea behind the integral is that 
we can effectively compute such quantities by breaking them into small pieces, and then 
summing the contributions from each piece. We then consider what happens when more 
and more, smaller and smaller pieces are taken in the summation process. As the number 
of terms contributing to the sum approaches infinity and we take the limit of these sums in 
a way described in Section 5.3, the result is a definite integral. By considering the rate of 
change of the area under a graph, we prove that definite integrals are connected to anti- 
derivatives, a connection that gives one of the most important relationships in calculus. 


5. 1 Area and Estimating with Finite Sums 
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FIGURE 5.1 The area of the 
region R cannot be found by a simple 
formula. 


The basis for formulating definite integrals is the construction of appropriate approxima- 
tions by finite sums. In this section we consider three examples of this construction pro- 
cess: finding the area under a graph, the distance traveled by a moving object, and the 
average value of a function. Although we need to define precisely what we mean by the 
area of a general region in the plane, or the average value of a function over a closed inter- 
val, we do have intuitive ideas of what these notions mean. So in this section we begin our 
approach to integration by approximating these quantities with finite sums. We also con- 
sider what happens when we take more and more terms in the summation process. In sub- 
sequent sections we look at taking the limit of these sums as the number of terms goes to 
infinity, which then leads to precise definitions of the quantities being approximated here. 


Area 


Suppose we want to find the area of the shaded region R that lies above the x-axis, below 
the graph of y = 1 — x, and between the vertical lines x = 0 and x = 1 (Figure 5.1). 
Unfortunately, there is no simple geometric formula for calculating the areas of general 
shapes having curved boundaries like the region R. How, then, can we find the area of R? 
While we do not yet have a method for determining the exact area of R, we can 
approximate it in a simple way. Figure 5.2a shows two rectangles that together contain the 
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(a) (b) 


FIGURE 5.2 (a) We get an upper estimate of the area of R by using two rectangles 
containing R. (b) Four rectangles give a better upper estimate. Both estimates overshoot 
the true value for the area by the amount shaded in light red. 


region R. Each rectangle has width 1/2 and they have heights 1 and 3/4, moving from left 
to right. The height of each rectangle is the maximum value of the function f in each sub- 
interval. Because the function f is decreasing, the height is its value at the left endpoint of 
the subinterval of [ 0, 1] forming the base of the rectangle. The total area of the two rect- 
angles approximates the area A of the region R, 


2 ita et ee = 
A= 1 a+q 7 = g — 0.875. 
This estimate is larger than the true area A since the two rectangles contain R. We say that 
0.875 is an upper sum because it is obtained by taking the height of each rectangle as the 
maximum (uppermost) value of f(x) for a point x in the base interval of the rectangle. In 
Figure 5.2b, we improve our estimate by using four thinner rectangles, each of width 1/4, 


which taken together contain the region R. These four rectangles give the approximation 


_ 1, 5.1.3.1 7 1 _ 25 
ee Ae Se ae Gan ae ey 
which is still greater than A since the four rectangles contain R. 

Suppose instead we use four rectangles contained inside the region R to estimate the area, 


as in Figure 5.3a. Each rectangle has width 1/4 as before, but the rectangles are shorter and 
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FIGURE 5.3 (a) Rectangles contained in R give an estimate for the area that under- 
shoots the true value by the amount shaded in light blue. (b) The midpoint rule uses rect- 
angles whose height is the value of y = f(x) at the midpoints of their bases. The estimate 
appears closer to the true value of the area because the light red overshoot areas roughly 
balance the light blue undershoot areas. 
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(b) 


FIGURE 5.4 (a) A lower sum using 
16 rectangles of equal width Ax = 1/16. 
(b) An upper sum using 16 rectangles. 
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lie entirely beneath the graph of f. The function f(x) = 1 — x? is decreasing on [0,1], 
so the height of each of these rectangles is given by the value of f at the right endpoint of the 
subinterval forming its base. The fourth rectangle has zero height and therefore contributes 
no area. Summing these rectangles with heights equal to the minimum value of f(x) for a 
point x in each base subinterval gives a lower sum approximation to the area, 

2, lod = 3 


+ 


7 i, eA i i 
16°4'°4°4 


16°47 94> 32 


A + = 0.53125. 


This estimate is smaller than the area A since the rectangles all lie inside of the region R. 
The true value of A lies somewhere between these lower and upper sums: 


0.53125 < A < 0.78125. 


By considering both lower and upper sum approximations, we get not only estimates 
for the area, but also a bound on the size of the possible error in these estimates, since the 
true value of the area lies somewhere between them. Here the error cannot be greater than 
the difference 0.78125 — 0.53125 = 0.25. 

Yet another estimate can be obtained by using rectangles whose heights are the values 
of f at the midpoints of their bases (Figure 5.3b). This method of estimation is called the 
midpoint rule for approximating the area. The midpoint rule gives an estimate that is 
between a lower sum and an upper sum, but it is not quite so clear whether it overestimates 
or underestimates the true area. With four rectangles of width 1/4 as before, the midpoint 
rule estimates the area of R to be 


je SSL 88 Hg, 1S 7, 


1 1 
64°47 6A 4” G4 4 GA a Gg POTD. 


In each of our computed sums, the interval [a, b] over which the function f is defined 
was subdivided into n subintervals of equal width (also called length) Ax = (b — a)/n, 
and f was evaluated at a point in each subinterval: c, in the first subinterval, cy in the sec- 
ond subinterval, and so on. The finite sums then all take the form 


f(c,) Ax + f(co) Ax + f(c3) Ax + +++ + f(c,) Ax. 


By taking more and more rectangles, with each rectangle thinner than before, it appears that 
these finite sums give better and better approximations to the true area of the region R. 

Figure 5.4a shows a lower sum approximation for the area of R using 16 rectangles of 
equal width. The sum of their areas is 0.634765625, which appears close to the true area, 
but is still smaller since the rectangles lie inside R. 

Figure 5.4b shows an upper sum approximation using 16 rectangles of equal width. 
The sum of their areas is 0.697265625, which is somewhat larger than the true area 
because the rectangles taken together contain R. The midpoint rule for 16 rectangles gives 
a total area approximation of 0.6669921875, but it is not immediately clear whether this 
estimate is larger or smaller than the true area. 


EXAMPLE 1 Table 5.1 shows the values of upper and lower sum approximations to 
the area of R, using up to 1000 rectangles. In Section 5.2 we will see how to get an exact 
value of the areas of regions such as R by taking a limit as the base width of each rectangle 
goes to zero and the number of rectangles goes to infinity. With the techniques developed 
there, we will be able to show that the area of R is exactly 2/3. |_| 


Distance Traveled 


Suppose we know the velocity function u(t) of a car moving down a highway, without 
changing direction, and want to know how far it traveled between times t = a and t = b. 
The position function s(t) of the car has derivative v(t). If we can find an antiderivative F(f) 
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TABLE 5.1 Finite approximations for the area of R 
Number of 
subintervals Lower sum Midpoint sum Upper sum 
2 0.375 0.6875 0.875 
4 0.53125 0.671875 0.78125 
16 0.634765625 0.666992 1875 0.697265625 
50 0.6566 0.6667 0.6766 
100 0.66165 0.666675 0.67165 
1000 0.6661665 0.66666675 0.6671665 


of u(t) then we can find the car’s position function s(f) by setting s(t) = F(t) + C. The 
distance traveled can then be found by calculating the change in position, 
s(b) — s(a) = F(b) — F(a). If the velocity function is known only by the readings at 
various times of a speedometer on the car, then we have no formula from which to 
obtain an antiderivative function for velocity. So what do we do in this situation? 

When we don’t know an antiderivative for the velocity function u(t), we can approxi- 
mate the distance traveled with finite sums in a way similar to our estimates for area dis- 
cussed before. We subdivide the interval [ a, b] into short time intervals on each of which 
the velocity is considered to be fairly constant. Then we approximate the distance traveled 
on each time subinterval with the usual distance formula 


distance = velocity X time 


and add the results across [ a, b]. 
Suppose the subdivided interval looks like 


jar =|<Ar s|<Ar —| 


| o|_e_ eo! 1_+ ¢ (sec) 
a ty ty ty b 
with the subintervals all of equal length Ar. Pick a number ¢, in the first interval. If Ar is 
so small that the velocity barely changes over a short time interval of duration Af, then the 
distance traveled in the first time interval is about v(t,) At. If 4, is a number in the second 
interval, the distance traveled in the second time interval is about v(t) At. The sum of the 
distances traveled over all the time intervals is 


= v(t,) At + v(t) At + +++ + v(t,) At, 
where n is the total number of subintervals. 
EXAMPLE 2 The velocity function of a projectile fired straight into the air is 
f(t) = 160 — 9.8t m/sec. Use the summation technique just described to estimate how 


far the projectile rises during the first 3 sec. How close do the sums come to the exact 
value of 435.9 m? (You will learn how to compute the exact value easily in Section 5.4.) 


Solution We explore the results for different numbers of intervals and different choices 
of evaluation points. Notice that f(f) is decreasing, so choosing left endpoints gives an 
upper sum estimate; choosing right endpoints gives a lower sum estimate. 


(a) Three subintervals of length |, withf evaluated at left endpoints giving an upper sum: 


|< At | 


(b) 


(c) 
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With f evaluated at t = 0, 1, and 2, we have 
D ~ f(t) At + fl) At + fle) At 
= [160 — 9.8(0)](1) + [160 — 9.8(1)](1) + [160 — 9.8(2)](1) 
= 450.6. 


Three subintervals of length 1, with f evaluated at right endpoints giving a lower sum: 


Li» 4 4, 
o 1 2 3 
< Are| 


With f evaluated at t = 1, 2, and 3, we have 

D f(t) At + f@) At + fe) At 
[160 — 9.8(1) }(1) + [160 — 9.8(2)](1) + [160 — 9.8(3) ](1) 
= 421.2. 


u 


With six subintervals of length 1/2, we get 


ty ty tz ty ts te ty ty tz ty ts te 
o-e_e_6 6 «| 7 : 
0 1 2 3 0 1 2 3 

Io I+ 

At 


These estimates give an upper sum using left endpoints: D ~ 443.25; and a lower 
sum using right endpoints: D ~ 428.55. These six-interval estimates are somewhat 
closer than the three-interval estimates. The results improve as the subintervals get 
shorter. 


As we can see in Table 5.2, the left-endpoint upper sums approach the true value 


435.9 from above, whereas the right-endpoint lower sums approach it from below. The 
true value lies between these upper and lower sums. The magnitude of the error in the 
closest entries is 0.23, a small percentage of the true value. 


Error magnitude = |true value — calculated value| 
= |435.9 — 435.67| = 0.23. 


_ 60:23), a 
Error percentage = 735.9 0.05%. 


It would be reasonable to conclude from the table’s last entries that the projectile rose 


about 436 m during its first 3 sec of flight. a 
TABLE 5.2 Travel-distance estimates 
Number of Length of each Upper Lower 
subintervals subinterval sum sum 
3 1 450.6 421.2 
1/2 443.25 428.55 
12 1/4 439.58 432.23 
24 1/8 437.74 434.06 
48 1/16 436.82 434.98 
96 1/32 436.36 435.44 
192 1/64 436.13 435.67 
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FIGURE 5.5 The rock in Example 3. 
The height s = 256 ft is reached at t = 2 
and t = 8 sec. The rock falls 144 ft from 


AY 


its maximum height when f = 8. 


TABLE 5.3 Velocity function 
t v(t) t v(t) 
0 160 4.5 16 

0.5 144 5.0 0 

1.0 128 5.5 —16 
1 112 6.0 —32 

2.0 96 6.5 —48 

2.5 80 7.0 —64 

3.0 64 75 —80 

3.5 48 8.0 —96 

4.0 32 


Displacement Versus Distance Traveled 


If an object with position function s(t) moves along a coordinate line without changing 
direction, we can calculate the total distance it travels from t = a to t = b by summing 
the distance traveled over small intervals, as in Example 2. If the object reverses direction 
one or more times during the trip, then we need to use the object’s speed | v(t) , which is 
the absolute value of its velocity function, v(t), to find the total distance traveled. Using 
the velocity itself, as in Example 2, gives instead an estimate to the object’s displacement, 
s(b) — s(a), the difference between its initial and final positions. 

To see why using the velocity function in the summation process gives an estimate to 
the displacement, partition the time interval [ a, b] into small enough equal subintervals At 
so that the object’s velocity does not change very much from time 4_, to 4. Then v(f) gives 
a good approximation of the velocity throughout the interval. Accordingly, the change in the 
object’s position coordinate, which is its displacement during the time interval, is about 


v(t,) At. 


The change is positive if u(f,) is positive and negative if u(t) is negative. 
In either case, the distance traveled by the object during the subinterval is about 


|u(4,)| Az. 
The total distance traveled over the time interval is approximately the sum 
|u(t,)|At + |u()|Ar + --- + |u@)| Az. 
We revisit these ideas in Section 5.4. 


EXAMPLE 3 In Example 4 in Section 3.4, we analyzed the motion of a heavy rock 
blown straight up by a dynamite blast. In that example, we found the velocity of the rock 
at any time during its motion to be v(f) = 160 — 32r ft/sec. The rock was 256 ft above 
the ground 2 sec after the explosion, continued upward to reach a maximum height of 
400 ft at 5 sec after the explosion, and then fell back down to reach the height of 256 ft 
again at t = 8 sec after the explosion. (See Figure 5.5.) 

If we follow a procedure like that presented in Example 2, and use the velocity func- 
tion v(7) in the summation process over the time interval [ 0, 8], we will obtain an esti- 
mate to the rock’s 256 ft height above the ground at t = 8. The positive upward motion 
(which yields a positive distance change of 144 ft from the height of 256 ft to the maxi- 
mum height) is canceled by the negative downward motion (giving a negative change of 
144 ft from the maximum height down to 256 ft again), so the displacement or height 
above the ground is estimated from the velocity function. 

On the other hand, if the absolute value |v(0)| is used in the summation process, we 
will obtain an estimate to the total distance the rock has traveled: the maximum height 
reached of 400 ft plus the additional distance of 144 ft it has fallen back down from that 
maximum when it again reaches the height of 256 ft at t = 8 sec. That is, using the abso- 
lute value of the velocity function in the summation process over the time interval [ 0, 8 ], 
we obtain an estimate to 544 ft, the total distance up and down that the rock has traveled in 
8 sec. There is no cancelation of distance changes due to sign changes in the velocity func- 
tion, so we estimate distance traveled rather than displacement when we use the absolute 
value of the velocity function (that is, the speed of the rock). 

As an illustration of our discussion, we subdivide the interval [ 0, 8] into sixteen sub- 
intervals of length Art = 1/2 and take the right endpoint of each subinterval in our calcu- 
lations. Table 5.3 shows the values of the velocity function at these endpoints. 

Using v(t) in the summation process, we estimate the displacement at t = 8: 


(144 + 128 + 112 + 96 + 80 + 64 + 48 + 32 + 16 


+ 0-— 16 — 32 — 48 — 64 — 80 96)-5 = 192 
Error magnitude = 256 — 192 = 64 
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Using |v(A| in the summation process, we estimate the total distance traveled over 
the time interval [ 0, 8 ]: 


(144 + 128 + 112 + 96 + 80 + 64 + 48 + 32 + 16 


+0 + 16 +32 +48 + 64 + 80 + 96)-4 = 528 


Error magnitude = 544 — 528 = 16 


If we take more and more subintervals of [0, 8] in our calculations, the estimates to 


the heights 256 ft and 544 ft improve, approaching them as shown in Table 5.4. | 
TABLE 5.4 Travel estimates for a rock blown straight up 
during the time interval [ 0, 8 ] 
Number of — Length of each Total 
subintervals subinterval Displacement distance 
16 1/2 192.0 528.0 
32 1/4 224.0 536.0 
64 1/8 240.0 540.0 
128 1/16 248.0 542.0 
256 1/32 252.0 543.0 
512 1/64 254.0 543.5 


Average Value of a Nonnegative Continuous Function 


The average value of a collection of n numbers x, x, ..., x, 18 obtained by adding them 
together and dividing by n. But what is the average value of a continuous functionfon an 
interval [ a, b]? Such a function can assume infinitely many values. For example, the tem- 
perature at a certain location in a town is a continuous function that goes up and down 
each day. What does it mean to say that the average temperature in the town over the 
course of a day is 73 degrees? 

When a function is constant, this question is easy to answer. A function with constant 
value c on an interval [ a, b ] has average value c. When c is positive, its graph over [ a, b | 
gives a rectangle of height c. The average value of the function can then be interpreted geo- 
metrically as the area of this rectangle divided by its width b — a (Figure 5.6a). 

What if we want to find the average value of a nonconstant function, such as the func- 
tion g in Figure 5.6b? We can think of this graph as a snapshot of the height of some water 


>< 
>< 


(a) 


FIGURE 5.6 (a) The average value of f(x) = c on [a,b] is the area of 
the rectangle divided by b — a. (b) The average value of g(x) on [a, b] is 
the area beneath its graph divided by b — a. 
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FIGURE 5.7 Approximating the 
area under f(x) = sin x between 

0 and 7 to compute the average 
value of sin x over [ 0, 77], using 
eight rectangles (Example 4). 


TABLE 5.5 Average value of sin x 
onOSxsq7 


Number of Upper sum 
subintervals estimate 

8 0.75342 
16 0.69707 
32 0.65212 
50 0.64657 
100 0.64161 
1000 0.63712 


that is sloshing around in a tank between enclosing walls at x = a and x = b. As the 
water moves, its height over each point changes, but its average height remains the same. 
To get the average height of the water, we let it settle down until it is level and its height is 
constant. The resulting height c equals the area under the graph of g divided by b — a. We 
are led to define the average value of a nonnegative function on an interval [a,b] to be 
the area under its graph divided by b — a. For this definition to be valid, we need a precise 
understanding of what is meant by the area under a graph. This will be obtained in Section 
5.3, but for now we look at an example. 


EXAMPLE 4 Estimate the average value of the function f(x) = sin x on the interval 
[0, 7]. 


Solution Looking at the graph of sin x between 0 and 7 in Figure 5.7, we can see that its 
average height is somewhere between 0 and 1. To find the average, we need to calculate 
the area A under the graph and then divide this area by the length of the interval, 
a—-O=a. 

We do not have a simple way to determine the area, so we approximate it with finite 
sums. To get an upper sum approximation, we add the areas of eight rectangles of equal 
width 7/8 that together contain the region beneath the graph of y = sinx and above the 
x-axis on [ 0, 7]. We choose the heights of the rectangles to be the largest value of sin x 
on each subinterval. Over a particular subinterval, this largest value may occur at the left 
endpoint, the right endpoint, or somewhere between them. We evaluate sin x at this point 
to get the height of the rectangle for an upper sum. The sum of the rectangular areas then 
estimates the total area (Figure 5.7): 


_ (20 . 7 . 39 . 7 . 7 . 37 . 39 _ 77 \ 7 
A~ (sin + sin + sin% + sin, + sin + sin™e + sin] + sin?) 8 


u 


(38-2 71 + 0241 4 1+ 92 + 71 + Se): a = (6.02): 3 ~ 2.364. 


To estimate the average value of sin x on [0,7] we divide the estimated area by the 
length 7 of the interval and obtain the approximation 2.364/a ~ 0.753. 

Since we used an upper sum to approximate the area, this estimate is greater than the 
actual average value of sin x over [ 0, 7]. If we use more and more rectangles, with each 
rectangle getting thinner and thinner, we get closer and closer to the true average value as 
shown in Table 5.5. Using the techniques covered in Section 5.3, we will show that the 
true average value is 2/77 ~ 0.63662. 

As before, we could just as well have used rectangles lying under the graph of 
y = sinx and calculated a lower sum approximation, or we could have used the midpoint 
rule. In Section 5.3 we will see that in each case, the approximations are close to the true 
area if all the rectangles are sufficiently thin. | 


Summary 


The area under the graph of a positive function, the distance traveled by a moving object 
that doesn’t change direction, and the average value of a nonnegative function over an 
interval can all be approximated by finite sums constructed in a certain way. First we sub- 
divide the interval into subintervals, treating some function f as if it were constant over 
each particular subinterval. Then we multiply the width of each subinterval by the value of 
f at some point within it, and add these products together. If the interval [ a, b] is subdi- 
vided into n subintervals of equal widths Ax = (b — a)/n, and if f(c,) is the value of fat 
the chosen point c; in the kth subinterval, this process gives a finite sum of the form 


f(cy) Ax + f(c) Ax + f(ce3) Ax + +++ + f(c,) Ax. 
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5.1 Area and Estimating with Finite Sums 


The choices for the c, could maximize or minimize the value of f in the kth subinterval, or 
give some value in between. The true value lies somewhere between the approximations 
given by upper sums and lower sums. The finite sum approximations we looked at 
improved as we took more subintervals of thinner width. 


Exercises 


Area 


In 


Exercises 1—4, use finite approximations to estimate the area under 


the graph of the function using 


Pe by 


a. a lower sum with two rectangles of equal width. 
b. a lower sum with four rectangles of equal width. 
c. an upper sum with two rectangles of equal width. 
d. an upper sum with four rectangles of equal width. 
f(x) = x? between x = O and x = 1. 

f(x) = x between x = O and x = 1. 

f(x) = 1/x between x = 1 and x = 5. 


f(x) = 4 — x? between x = —2 and x = 2. 


Using rectangles each of whose height is given by the value of 


the function at the midpoint of the rectangle’s base (the midpoint 
rule), estimate the area under the graphs of the following functions, 
using first two and then four rectangles. 


5. f(x) = x? between x = O and x = 1. 

6. f(x) = x between x = O and x = 1. 

7. f(x) = 1/x between x = 1 and x = 5. 

8. f(x) = 4 — x? between x = —2 and x = 2. 

Distance 

9. Distance traveled The accompanying table shows the velocity 


10. 


of a model train engine moving along a track for 10 sec. Estimate 
the distance traveled by the engine using 10 subintervals of length 
1 with 

a. left-endpoint values. 


b. right-endpoint values. 


Time Velocity Time Velocity 
(sec) (in. / sec) (sec) (in. / sec) 

0 0 6 11 

1 12 7 6 

2 22 8 2 

3 10 9 6 

4 5 10 0 

5 13 


Distance traveled upstream You are sitting on the bank of a 
tidal river watching the incoming tide carry a bottle upstream. You 
record the velocity of the flow every 5 minutes for an hour, with the 
results shown in the accompanying table. About how far upstream 
did the bottle travel during that hour? Find an estimate using 
12 subintervals of length 5 with 


a. left-endpoint values. 


b. right-endpoint values. 


11. 


Time Velocity Time Velocity 
(min) (m / sec) (min) (m / sec) 
0 1 35 1.2 
5 12 40 1.0 
10 1.7 45 1.8 
15 2.0 50 IES} 
20 1.8 55 1,2 

25 1.6 60 0 
30 1.4 


Length of a road You and a companion are about to drive a 
twisty stretch of dirt road in a car whose speedometer works but 
whose odometer (mileage counter) is broken. To find out how 
long this particular stretch of road is, you record the car’s velocity 
at 10-sec intervals, with the results shown in the accompanying 
table. Estimate the length of the road using 


a. left-endpoint values. 


b. right-endpoint values. 


Velocity Velocity 
Time _ (converted to ft/sec) | Time (converted to ft/sec) 
(sec) (30mi/h = 44ft/sec)| (sec) (30mi/h = 44 ft/sec) 
0 0 70 15 

10 44 80 22 

20 15 90 35 

30 35 100 44 

40 30 110 30 

50 44 120 3) 

60 35 
12. Distance from velocity data The accompanying table gives 


data for the velocity of a vintage sports car accelerating from 0 to 
142 mi/h in 36 sec (10 thousandths of an hour). 


Time Velocity Time Velocity 

(h) (mi /h) (h) (mi /h) 
0.0 0 0.006 116 
0.001 40 0.007 125 
0.002 62 0.008 132 
0.003 82 0.009 137 
0.004 96 0.010 142 
0.005 108 
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mi/hr 
A 
160- 
140 
120 
100 
80 
60 
40 


20 


[a 
0 0.002 0.004 0.006 0.008 0.01 


fof oj oj | | 1 1 pours 


a. Use rectangles to estimate how far the car traveled during the 
36 sec it took to reach 142 mi/h. 


b. Roughly how many seconds did it take the car to reach the 
halfway point? About how fast was the car going then? 


Free fall with air resistance An object is dropped straight down 
from a helicopter. The object falls faster and faster but its accelera- 
tion (rate of change of its velocity) decreases over time because of 
air resistance. The acceleration is measured in ft/sec? and 
recorded every second after the drop for 5 sec, as shown: 


t 0 1 2 3 4 5) 
a | 32.00 19.41 11.77 7.14 4.33 2.63 


a. Find an upper estimate for the speed when t = 5. 
b. Find a lower estimate for the speed when t = 5. 
c. Find an upper estimate for the distance fallen when t = 3. 


Distance traveled by a projectile An object is shot straight 
upward from sea level with an initial velocity of 400 ft/sec. 


a. Assuming that gravity is the only force acting on the object, 
give an upper estimate for its velocity after 5 sec have elapsed. 
Use g = 32 ft/sec? for the gravitational acceleration. 


b. Find a lower estimate for the height attained after 5 sec. 


Average Value of a Function 


In Exercises 15-18, use a finite sum to estimate the average value of f 
on the given interval by partitioning the interval into four subintervals 
of equal length and evaluating f at the subinterval midpoints. 


15. 
16. 
17. 


f(x) =x? on [0,2] 
f@ =1/x on [1,9] 


f@) = 1/2) + sin?at on [0,2] 


! ! SF 


Tt 


4 
18. ff) =1- (cos) on [0,4] 


Examples of Estimations 
19. Water pollution Oil is leaking out of a tanker damaged at sea. The 


20. 


damage to the tanker is worsening as evidenced by the increased 
leakage each hour, recorded in the following table. 


Time (h) 0 1 2 3 4 | 
Leakage (gal/h) | 50 70 97 | 136 | 190 | 
Time (h) 5 6 7 8 
Leakage (gal/h) | 265 369 516 720 


a. Give an upper and a lower estimate of the total quantity of oil 
that has escaped after 5 hours. 


b. Repeat part (a) for the quantity of oil that has escaped after 
8 hours. 


c. The tanker continues to leak 720 gal/h after the first 8 hours. 
If the tanker originally contained 25,000 gal of oil, approxi- 
mately how many more hours will elapse in the worst case 
before all the oil has spilled? In the best case? 


Air pollution A power plant generates electricity by burning oil. 
Pollutants produced as a result of the burning process are removed 
by scrubbers in the smokestacks. Over time, the scrubbers 
become less efficient and eventually they must be replaced when 
the amount of pollution released exceeds government standards. 
Measurements are taken at the end of each month determining the 
rate at which pollutants are released into the atmosphere, recorded 
as follows. 


Month Jan Feb Mar Apr May Jun 
Pollutant 
release rate 0.20 0.25 0.27 0.34 045 0.52 
(tons / day) 
Month Jul Aug Sep Oct Nov _ Dec 
Pollutant 
release rate 0.63 0.70 O81 0.85 0.89 0.95 
(tons / day) 


a. Assuming a 30-day month and that new scrubbers allow only 
0.05 ton/day to be released, give an upper estimate of the 
total tonnage of pollutants released by the end of June. What is 
a lower estimate? 


b. In the best case, approximately when will a total of 125 tons 
of pollutants have been released into the atmosphere? 


21. Inscribe a regular n-sided polygon inside a circle of radius 1 and 
compute the area of the polygon for the following values of n: 
a. 4 (square) b. 8 (octagon) c. 16 
d. Compare the areas in parts (a), (b), and (c) with the area of the 
circle. 
22. (Continuation of Exercise 21.) 


a. Inscribe a regular n-sided polygon inside a circle of radius 1 and 
compute the area of one of the n congruent triangles formed by 
drawing radii to the vertices of the polygon. 


b. Compute the limit of the area of the inscribed polygon as 
n> oO, 


c. Repeat the computations in parts (a) and (b) for a circle of 
radius r. 
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COMPUTER EXPLORATIONS 
In Exercises 23—26, use a CAS to perform the following steps. 
a. Plot the functions over the given interval. 
b. Subdivide the interval into n = 100, 200, and 1000 subinter- 


vals of equal length and evaluate the function at the midpoint 
of each subinterval. 


c. Compute the average value of the function values generated in 
part (b). 

d. Solve the equation f(x) = (average value) for x using the aver- 
age value calculated in part (c) for the n = 1000 partitioning. 


23. f(x) = sinx on [0,7] 24 f(x) =sin?x on [0,7] 


7 


2: fla) = xsing on Fg 26. f(x) = xsin?4 on Ea 


Se Sigma Notation and Limits of Finite Sums 


In estimating with finite sums in Section 5.1, we encountered sums with many terms (up to 
1000 in Table 5.1, for instance). In this section we introduce a more convenient notation 
for sums with a large number of terms. After describing the notation and stating several of 
its properties, we look at what happens to a finite sum approximation as the number of 


terms approaches infinity. 


Finite Sums and Sigma Notation 


Sigma notation enables us to write a sum with many terms in the compact form 


n 
Sia = a, + a+ ast °°: 
k=1 


Api Gy 


The Greek letter } (capital sigma, corresponding to our letter S), stands for “sum.” The 
index of summation k tells us where the sum begins (at the number below the { symbol) 
and where it ends (at the number above & ). Any letter can be used to denote the index, but 
the letters i, 7, and k are customary. 


The summation symbol 
(Greek letter sigma) 


Thus we can write 


The index k ends at k = n. 


a 
n 
a 
t—4 ™ a ,.is a formula for the kth term. 
_~ 


The index k starts at k = 1. 


ll 
Peter ee eS On ee ee 1 eS Ye 


and 


k=1 


100 


fl) + f@) + FG) ++*- + FL00) = SFO). 
i=l 


The lower limit of summation does not have to be 1; it can be any integer. 
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EXAMPLE 1 

A sum in The sum written out, one The value 
sigma notation term for each value of k of the sum 

Sk (Age otadts 15 

k= 

3 

SC ke (-1)'(1) + C122) + 19) —1+2-3-=-2 
k= 

2) ik We oe oes 15627 
Heel 1+1 241 2. 3 6 

5 e 8 16 | 25 _ 139 
Da: =) 4-1 5-1 3 4 12 


EXAMPLE 2 Express the sum 1 + 3 + 5 + 7 + 9 in sigma notation. 


Solution The formula generating the terms changes with the lower limit of summation, 
but the terms generated remain the same. It is often simplest to start with k = 0 ork = 1, 
but we can start with any integer. 


4 
Starting with k = 0: 14+34+54+74+9= S(2k+) 
k=0 
) 
Starting with k = 1: 14+34+5+4+7+9= S(k-D) 
k=1 
6 
Starting with k = 2: L+-2+S 4 749=> SOL=3) 
k=2 


1 
Starting withk =-3: 1+34+5+7+9= S(2k+7) = 
k=-3 


When we have a sum such as 
3 
Sk + RP) 
k=1 
we can rearrange its terms, 
3 
Serres) ses2)+0+7) 
k=1 


=(14+2+4+ 3)4 (174+ 2? 4+ 3%) Regroup terms. 


3 3 
= Sk+ SPR. 


k=1 k=1 


This illustrates a general rule for finite sums: 


Sq +b) = Da + Yb. 
k=1 k=1 k=] 


Four such rules are given below. A proof that they are valid can be obtained using mathe- 
matical induction (see Appendix 2). 


HISTORICAL BIOGRAPHY 
Car] Friedrich Gauss 


(1777-1855) 
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Algebra Rules for Finite Sums 


1. Sum Rule: Da + b= Yat Du 
=i 1 1 

2. Difference Rule: Sa — b) = Da a Yh 
A k= k= 


n n 
3. Constant Multiple Rule: pS ca, = c° Ya (Any number c) 
k=1 k=l 


4. Constant Value Rule: » c=n'c (c is any constant value.) 


EXAMPLE 3 We demonstrate the use of the algebra rules. 
: = : : Difference Rule and Constant 
(a) 2, Gk 7 Ke’) ~ Pa 7 ae Multiple Rule 


n 


n n n 
(b) xi a,) = yi l-qa=-l- Sa = Sa Constant Multiple Rule 
=I k= iI 


k=1 


3 3 3 
© Yk+4)= Dk+ D4 Sum Rule 
k=1 k=1 k=1 
=(1+2+4 3) + (3:4) Constant Value Rule 
=6+12= 18 
"1 = 1 _ Constant Value Rule 
(d) an ~— hn 1! (1/n is constant) Bl 


Over the years people have discovered a variety of formulas for the values of finite sums. 
The most famous of these are the formula for the sum of the first n integers (Gauss is said 
to have discovered it at age 8) and the formulas for the sums of the squares and cubes of 
the first n integers. 


EXAMPLE 4 Show that the sum of the first n integers is 
m n(n + 1) 


k= 

>> a 

Solution The formula tells us that the sum of the first 4 integers is 
(4)S) _ 
a = 10. 


Addition verifies this prediction: 
1+2+3+4= 10. 

To prove the formula in general, we write out the terms in the sum twice, once forward and 
once backward. 

I 2 ate 3 +o ootth + on 

no+ (a-tT) + @-2) t+ ee + I 
If we add the two terms in the first column we get | + n = n + 1. Similarly, if we add 
the two terms in the second column we get 2 + (n — 1) = n + 1. The two terms in any 
column sum to n + |. When we add the n columns together we get n terms, each equal to 


n + 1, for a total of n(n + 1). Since this is twice the desired quantity, the sum of the first 
n integers is (n)(n + 1)/2. |_| 
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Formulas for the sums of the squares and cubes of the first n integers are proved using 
mathematical induction (see Appendix 2). We state them here. 


The first n squares: Yk? = 


n + 1 a 
The first n cubes: SP = () 


Limits of Finite Sums 


The finite sum approximations we considered in Section 5.1 became more accurate as the 
number of terms increased and the subinterval widths (lengths) narrowed. The next exam- 
ple shows how to calculate a limiting value as the widths of the subintervals go to zero and 
their number grows to infinity. 


EXAMPLE 5 Find the limiting value of lower sum approximations to the area of the 
region R below the graph of y = 1 — x? and above the interval [ 0, 1] on the x-axis using 
equal-width rectangles whose widths approach zero and whose number approaches infin- 
ity. (See Figure 5.4a.) 


Solution We compute a lower sum approximation using n rectangles of equal width 
Ax = (1 — 0)/n, and then we see what happens as n—©o. We start by subdividing 
[0, 1] into n equal width subintervals 


1 1 2 n-l1n 
fon} [ipo Pana 


Each subinterval has width 1/n. The function 1 — x? is decreasing on [ 0, 1 ], and its small- 
est value in a subinterval occurs at the subinterval’s right endpoint. So a lower sum is con- 
structed with rectangles whose height over the subinterval [(k — 1)/n,k/n] is f(k/n) = 
1 — (k/n)’, giving the sum 


IG) + Lala) + + L)I@) +> + LA) |): 


We write this in sigma notation and simplify, 


Bln) = B- G))) 


n 1 n k2 - 
= ne 3 Difference Rule 
k=1 k=1 
n 
=n 1 — i ke Constant Value and 
ue w t=1 Constant Multiple Rules 


Sum of the First n Squares 


aN 
S|- 


\oe + 1)(2n + 1) 


Numerator expanded 


HISTORICAL BIOGRAPHY 
Georg Friedrich Bernhard Riemann 


(1826-1866) 


FIGURE 5.8 A typical continuous 
function y = f(x) over a closed interval 


[a,b]. 


HISTORICAL BIOGRAPHY 
Richard Dedekind 


(1831-1916) 
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We have obtained an expression for the lower sum that holds for any n. Taking the 
limit of this expression as n — ©9, we see that the lower sums converge as the number of 
subintervals increases and the subinterval widths approach zero: 


aah a Wn + 3r +n = 2 2 
n— oo 6n> 6 3° 


The lower sum approximations converge to 2/3. A similar calculation shows that the upper 
sum approximations also converge to 2/3. Any finite sum approximation > ;_, f(c,(1/n) 
also converges to the same value, 2/3. This is because it is possible to show that any finite 
sum approximation is trapped between the lower and upper sum approximations. For this 
reason we are led to define the area of the region R as this limiting value. In Section 5.3 we 
study the limits of such finite approximations in a general setting. | 


Riemann Sums 


The theory of limits of finite approximations was made precise by the German mathemati- 
cian Bernhard Riemann. We now introduce the notion of a Riemann sum, which underlies 
the theory of the definite integral studied in the next section. 

We begin with an arbitrary bounded function f defined on a closed interval [a,b]. 
Like the function pictured in Figure 5.8, f may have negative as well as positive values. We 
subdivide the interval [ a, b] into subintervals, not necessarily of equal widths (or lengths), 
and form sums in the same way as for the finite approximations in Section 5.1. To do so, we 
choose n — | points {x), %, %3,...,X,—,} between a and b satisfying 


A<xX << <x) <b. 
To make the notation consistent, we denote a by xp and b by x,,, so that 
A=XH<x4 << SH) <x, =D. 
The set 
P = {X, Xy, X2,- + +s Xp—15 Xn} 


is called a partition of [a,b]. 
The partition P divides [ a, b] into n closed subintervals 


[x0 %1], [41,%2],---5 [%n—-1 Xn] 


The first of these subintervals is [ x9, x, ], the second is [ x), x. ], and the kth subinterval 
of P is | x,-1, x], for k an integer between | and n. 


kth subinterval 


Xy=a xy Xy ees Xp] Xp ei x 


The width of the first subinterval [| x9, x, ] is denoted Ax,, the width of the second 
[x),X»] is denoted Ax,, and the width of the Ath subinterval is Ax, = x, — x,_,. If all n 
subintervals have equal width, then the common width Ax is equal to (b — a)/n. 


ke Ax, > Ax,—| | Ax; —| |— Ax,—>| 

| | | | | 

| ——— mans 
| a | x2 ne Xk-1 Xk a Xn-1 X,=b 


In each subinterval we select some point. The point chosen in the kth subinterval 
[ x,—1, 4%] is called c,. Then on each subinterval we stand a vertical rectangle that stretches 
from the x-axis to touch the curve at (c,, f(c;,)). These rectangles can be above or below the 
x-axis, depending on whether f(c;) is positive or negative, or on the x-axis if f(c,) = 0 
(Figure 5.9). 
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(b) 


FIGURE 5.10 The curve of Figure 5.9 
with rectangles from finer partitions of 

[ a, b]. Finer partitions create collections 
of rectangles with thinner bases that ap- 
proximate the region between the graph of 
f and the x-axis with increasing accuracy. 


ae (Cs flCn)) 


(Cpr flcK)) 


kth rectangle 


aq 
9 
i) 
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(cy, f(cy)) 


——-----------@ 


(Co, feo) 


FIGURE 5.9 The rectangles approximate the region between the graph of the func- 
tion y = f(x) and the x-axis. Figure 5.8 has been enlarged to enhance the partition of 
[a, b] and selection of points c;, that produce the rectangles. 


On each subinterval we form the product f(c;,) + Ax;,. This product is positive, negative, 
or zero, depending on the sign of f(c,). When f(c,) > 0, the product f(c,) + Ax, is the area 
of a rectangle with height f(c,) and width Ax,. When f(c,) < 0, the product f(c,) + Ax; is 
a negative number, the negative of the area of a rectangle of width Ax, that drops from the 
x-axis to the negative number f(c;). 

Finally we sum all these products to get 


Sp = Yio AXx,. 
k=l 


The sum Sp is called a Riemann sum for f on the interval [a,b]. There are many such 
sums, depending on the partition P we choose, and the choices of the points c, in the sub- 
intervals. For instance, we could choose n subintervals all having equal width 
Ax = (b — a)/n to partition [a,b], and then choose the point c;, to be the right-hand 
endpoint of each subinterval when forming the Riemann sum (as we did in Example 5). 
This choice leads to the Riemann sum formula 


S,= iG rps 7 2).(2 — 2) 
k=1 


Similar formulas can be obtained if instead we choose c, to be the left-hand endpoint, or 
the midpoint, of each subinterval. 

In the cases in which the subintervals all have equal width Ax = (b — a)/n, we can 
make them thinner by simply increasing their number n. When a partition has subintervals 
of varying widths, we can ensure they are all thin by controlling the width of a widest (lon- 
gest) subinterval. We define the norm of a partition P, written || P ||, to be the largest of all 
the subinterval widths. If || P|| is a small number, then all of the subintervals in the parti- 
tion P have a small width. Let’s look at an example of these ideas. 


EXAMPLE 6 The set P = {0, 0.2, 0.6, 1, 1.5, 2} is a partition of | 0,2]. There are 
five subintervals of P: [ 0, 0.2], [0.2, 0.6], [0.6, 1], [1, 1.5], and [ 1.5, 2]: 

|< Ax, -|- Ax> | Ax; >|. Ax, |< Axs >| 

L ! L ! L ! = 

0 0.2 0.6 1 1.5 2 
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The lengths of the subintervals are Ax, = 0.2, Ax, = 0.4, Ax; = 0.4, Ax, = 0.5, and 
Axs = 0.5. The longest subinterval length is 0.5, so the norm of the partition is || P || = 0.5. 
In this example, there are two subintervals of this length. a 


Any Riemann sum associated with a partition of a closed interval [ a, b | defines rect- 
angles that approximate the region between the graph of a continuous function f and the 
x-axis. Partitions with norm approaching zero lead to collections of rectangles that approx- 
imate this region with increasing accuracy, as suggested by Figure 5.10. We will see in the 
next section that if the function f is continuous over the closed interval [a,b], then no 
matter how we choose the partition P and the points c;, in its subintervals to construct a 
Riemann sum, a single limiting value is approached as the subinterval widths, controlled 
by the norm of the partition, approach zero. 


Exercises 5.2 


Sigma Notation 
Write the sums in Exercises 1-6 without sigma notation. Then evalu- 


a. Si3q b DE c SG + b) 
1 1 ei 


ate them. n n 
d. =D, b, — 2 
; ‘ es : Sk =f 2a D&D — 2a) 
: k=1 k+ 1 , k= k n n 
4 P 18. Suppose that Sa = 0 and Yh = 1. Find the values of 
3. SS cos kar 4. > sin kr = a 
7 i a. 8a, b. >)250b; 
3 - 1 k= 
5 Sep! sin 7 6. S\(-1)* cos kar , , 
ae a e Sat) d. Sh - 1) 
7. Which of the following express 1 + 2+ 4+ 8 + 16 + 32 in k=l k=l 
sigma notation? Evaluate the sums in Exercises 19-32. 
6 5 4 10 10 10 
4. > 2! b> 2 rae eda. 19. a Sk be SH e Se 
1 k=0 k==1 k= k= 1 
: : i 13 13 13 
8. Which of the following express 1 — 2+ 4-— 8+ 16 — 32 in 20. a. Si b. Se 7 Se 
sigma notation? Fxr Fs _ 
6 5 3 
a. (—2)"! b. (- 1) ok c (- 1+! gk+2 7 ) k 
»» >> 2 2. C2 27. Das 
ke 1 
9. Which formula is not equivalent to the other two? : , 
4, 3 " S iy ” > (Df 3. CSP) 2A. > (i — 5) 
oak=1 k++ 1 ok +2 k= k=1 
10. Which formula is not equivalent to the other two? 25. SkGk iss 2». S kk i ify 
4 3 -1 k= k=1 
a. ze = i b. 26 +1 é ZF 5 43 & as 2 gs 
27, 2205 + (S¥) 28. (3¥) - a4 


Express the sums in Exercises 11-16 in sigma notation. The form of 


our answer will depend on your choice of the lower limit of summation. il 500 264 
: z 29. a. 33 b. 7 c > 10 
11.14+24+34+44+5+6 12.1+4+4+09+4 16 Gq qo real 
1 1 1 1 36 17 11 
13. 5) 4 8 16 14, 2 4 6 8 + 10 30. a. Sik b. Se c. Dd kk — 1) 
r= 3 k=18 
1,1 ts. 1 TD. 28. Be oA 
15. 1 —-s+5-5+s 16. + + n n n 
a 2 SS 3 31. a. 4 b. Sic « Sk - 1) 
Values of Finite Sums = = a 
17. Suppose that Ya = —5 and Dh = 6. Find the values of 32. a. S(t + 2n)| b. > c. = 
k=1 k=1 k=1 k=1 k=, 0 
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Riemann Sums 


Limits of Riemann Sums 


In Exercises 33-36, graph each function f(x) over the given interval. For the functions in Exercises 39—46, find a formula for the Riemann 
Partition the interval into four subintervals of equal length. Then add sum obtained by dividing the interval [ a, b] into n equal subintervals 
to your sketch the rectangles associated with the Riemann sum and using the right-hand endpoint for each c,. Then take a limit of these 
YE if(cy Ax, given that c, is the (a) left-hand endpoint, (b) right- sums as 1 — © to calculate the area under the curve over [ a,b]. 
hand endpoint, (c) midpoint of the kth subinterval. (Make a separate 39. f(x) = 1 — x over the interval [0, 1]. 


sketch for each set of rectangles.) 
33. fx) =x? - 1, [0,2] 

34. f(x) = —-x’, [0,1] 

35. f(x) = sinx, [-7, 7] 

36. f(x) = sinx +1, [-7, 7] 


40. f(x) = 2x over the interval [0,3]. 

41. f(x) = x? + 1 over the interval [ 0, 3}. 
42. f(x) = 3x? over the interval [ 0, 1]. 

43. f(x) = x + x? over the interval [0, 1]. 
44, f(x) = 3x + 2x? over the interval [ 0, 1}. 


37. Find the norm of the partition P = {0, 1.2, 1.5, 2.3, 2.6, 3}. 45. f(x) = 2x3 over the interval [0,1]. 
38. Find the norm of the partition P = {—2,—1.6, —0.5, 0, 0.8, 1}. 46. f(x) = x? — x? over the interval [—1,0]. 


5S The Definite Integral 


In Section 5.2 we investigated the limit of a finite sum for a function defined over a closed 
interval | a, b| using n subintervals of equal width (or length), (b — a)/n. In this section 
we consider the limit of more general Riemann sums as the norm of the partitions of 
| a, b |approaches zero. For general Riemann sums, the subintervals of the partitions need 
not have equal widths. The limiting process then leads to the definition of the definite inte- 
gral of a function over a closed interval [ a, b |. 


Definition of the Definite Integral 


The definition of the definite integral is based on the idea that for certain functions, as the 
norm of the partitions of [ a, b | approaches zero, the values of the corresponding Riemann 
sums approach a limiting value J. What we mean by this limit is that a Riemann sum will 
be close to the number J provided that the norm of its partition is sufficiently small (so that 
all of its subintervals have thin enough widths). We introduce the symbol € as a small 
positive number that specifies how close to J the Riemann sum must be, and the symbol 6 
as a second small positive number that specifies how small the norm of a partition must be 
in order for convergence to happen. We now define this limit precisely. 


DEFINITION Let f(x) be a function defined on a closed interval [ a, b]. We say 
that a number J is the definite integral of f over [a, b] and that J is the limit of 
the Riemann sums >7-; f(c,) Ax, if the following condition is satisfied: 

Given any number € > 0 there is a corresponding number 6 > 0 such that 
for every partition P = {xo,x,,... ,X,} of [a,b] with|| P|] < 6 and any choice 
of cy in [ x%-1, x], we have 


SF) Ax - a S€; 
k=1 


The definition involves a limiting process in which the norm of the partition goes to zero. 
We have many choices for a partition P with norm going to zero, and many choices of 

points c, for each partition. The definite integral exists when we always get the same limit 

J, no matter what choices are made. When the limit exists we write it as the definite integral 


n 


J= lim DS fq) Ax. 


|Pl0 <1 
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The limit of any Riemann sum is always taken as the norm of the partitions approaches 
zero and the number of subintervals goes to infinity. 

Leibniz introduced a notation for the definite integral that captures its construction as 
a limit of Riemann sums. He envisioned the finite sums };—, f(c,) Ax, becoming an infi- 
nite sum of function values f(x) multiplied by “infinitesimal” subinterval widths dx. The 
sum symbol > is replaced in the limit by the integral symbol f , whose origin is in the 
letter ““S.” The function values f(c,) are replaced by a continuous selection of function 
values f(x). The subinterval widths Ax, become the differential dx. It is as if we are sum- 
ming all products of the form f(x)-+ dx as x goes from a to b. While this notation captures 
the process of constructing an integral, it is Riemann’s definition that gives a precise 
meaning to the definite integral. 

The symbol for the number J in the definition of the definite integral is 


b 
i, f(x) dx, 


which is read as “‘the integral from a to b of f of x dee x” or sometimes as “the integral from a 
to b of f of x with respect to x.’ The component parts in the integral symbol also have names: 


The function is the integrand. 
Upper limit of integration 


x 


I : b x is the variable of integration. 
ntegral sign Pic J 
f(x) dx 
a 


When you find the value 
Lower limit of integration ‘ +7 4 of the integral, you have 
Integral of f from a to b —— evaluated the integral. 


When the condition in the definition is satisfied, we say that the Riemann sums of f on 
[a, b] converge to the definite integral J = hs f(x) dx and that f is integrable over [ a, b ]. 

In the cases where the subintervals all have equal width Ax = (b — a)/n, we can 
form each Riemann sum as 


-> f(c) Ax, = > Fea Os rt), Ax, = Ax = (b — a)/n for all k 


where c, is chosen in the kth subinterval. When the limit of these Riemann sums as 
n— © exists and is equal to J, then J is the definite integral of fover [ a, b], so 


a 
) || P|| +0 means n>, 


b Nn _ 
r= [ pooar= tim S402 


If we pick the point c, at the right endpoint of the kth subinterval, so c, = a + kAx = 
a + k(b — a)/n, then the formula for the definite integral becomes 


b 
7 f(x)dx = Tim > rC + 2 Ve > *) (1) 


Equation (1) gives one explicit formula that can be used to compute definite integrals. 
Other choices of partitions and locations of points c, result in the same value for the defi- 
nite integral when we take the limit as n —©° provided that the norm of the partition 
approaches zero. 
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The value of the definite integral of a function over any particular interval depends on 
the function, not on the letter we choose to represent its independent variable. If we decide 
to use ¢ or u instead of x, we simply write the integral as 


b b b 
/ f(@ dt or / f(u) du instead of / f(x) dx. 


No matter how we write the integral, it is still the same number that is defined as a limit of 
Riemann sums. Since it does not matter what letter we use, the variable of integration is 
called a dummy variable representing the real numbers in the closed interval [ a, b ]. 


Integrable and Nonintegrable Functions 


Not every function defined over the closed interval [ a,b] is integrable there, even if the 
function is bounded. That is, the Riemann sums for some functions may not converge to 
the same limiting value, or to any value at all. A full development of exactly which func- 
tions defined over [ a, b ] are integrable requires advanced mathematical analysis, but for- 
tunately most functions that commonly occur in applications are integrable. In particular, 
every continuous function over [ a, b] is integrable over this interval, and so is every func- 
tion having no more than a finite number of jump discontinuities on [ a, b]. (See Figures 
1.9 and 1.10. The latter functions are called piecewise-continuous functions, and they are 
defined in Additional Exercises 11-18 at the end of this chapter.) The following theorem, 
which is proved in more advanced courses, establishes these results. 


THEOREM 1—Integrability of Continuous Functions — Ifa function f is con- 
tinuous over the interval [ a, b], or if f has at most finitely many jump disconti- 
nuities there, then the definite integral 7 , / (x) dx exists and f is integrable over 


[a,b]. 


The idea behind Theorem | for continuous functions is given in Exercises 86 and 87. 
Briefly, when f is continuous we can choose each c;, so that f(c,) gives the maximum 
value of f on the subinterval [x,—,,x,], resulting in an upper sum. Likewise, we can 
choose c;, to give the minimum value of f on [ x,-), 4] to obtain a lower sum. The upper 
and lower sums can be shown to converge to the same limiting value as the norm of the 
partition P tends to zero. Moreover, every Riemann sum is trapped between the values of 
the upper and lower sums, so every Riemann sum converges to the same limit as well. 
Therefore, the number J in the definition of the definite integral exists, and the continuous 
function f is integrable over [a,b]. 

For integrability to fail, a function needs to be sufficiently discontinuous that the 
region between its graph and the x-axis cannot be approximated well by increasingly thin 
rectangles. Our first example shows a function that is not integrable over a closed interval. 


EXAMPLE 1 The function 


1, if x is rational 
f(x) = Taare 
0, if x is irrational 


has no Riemann integral over [0, 1]. Underlying this is the fact that between any two 
numbers there is both a rational number and an irrational number. Thus the function jumps 
up and down too erratically over [0, 1 ] to allow the region beneath its graph and above 
the x-axis to be approximated by rectangles, no matter how thin they are. We show, in fact, 
that upper sum approximations and lower sum approximations converge to different limit- 
ing values. 
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If we pick a partition P of [0,1] and choose c, to be the point giving the maximum 
value for f on [ x,—1, x,] then the corresponding Riemann sum is 


U= Sf) Ay = SC) Ax = 1, 
k=1 k=1 


since each subinterval [ x,—1,.x,] contains a rational number where f(c,) = 1. Note that 
the lengths of the intervals in the partition sum to 1, S;-; Ax, = 1. So each such Rie- 
mann sum equals 1, and a limit of Riemann sums using these choices equals 1. 

On the other hand, if we pick c, to be the point giving the minimum value for f on 
[ x,—-1, x, ], then the Riemann sum is 


L= > fo) An = >) Ax = 0, 
k=1 k=1 


since each subinterval [x,—,, x, ] contains an irrational number c, where f(c,) = 0. The 
limit of Riemann sums using these choices equals zero. Since the limit depends on the 
choices of c,, the function f is not integrable. | 


Theorem | says nothing about how to calculate definite integrals. A method of calcu- 
lation will be developed in Section 5.4, through a connection to knowing an antiderivative 
of the integrand function f. 


Properties of Definite Integrals 


In defining [ F(x) dx as a limit of sums >j-) f(c,) Ax,, we moved from left to right 
across the interval [a,b]. What would happen if we instead move right to left, starting 
with x) = b and ending at x, = a? Each Ax, in the Riemann sum would change its sign, 
with x, — x,-; now negative instead of positive. With the same choices of c;, in each sub- 
interval, the sign of any Riemann sum would change, as would the sign of the limit, the 
integral d, 1 F(x) dx. Since we have not previously given a meaning to integrating back- 


ward, we are led to define 
a b 
/ f(x) dx = -| f(x) dx. 
b a 


Although we have only defined the integral over an interval [a,b] when a < b, it is 
convenient to have a definition for the integral over [a,b] when a = J, that is, for the 
integral over an interval of zero width. Since a = b gives Ax = 0, whenever f(a) exists 


we define 
/ f(x) dx = 0. 


Theorem 2 states basic properties of integrals, given as rules that they satisfy, includ- 
ing the two just discussed. These rules, listed in Table 5.6, become very useful in the pro- 
cess of computing integrals. We will refer to them repeatedly to simplify our calculations. 
Rules 2 through 7 have geometric interpretations, shown in Figure 5.11. The graphs in 
these figures are of positive functions, but the rules apply to general integrable functions. 


THEOREM 2 When f and g are integrable over the interval [ a, b], the defi- 
nite integral satisfies the rules in Table 5.6. 


While Rules | and 2 are definitions, Rules 3 to 7 of Table 5.6 must be proved. The fol- 
lowing is a proof of Rule 6. Similar proofs can be given to verify the other properties in 
Table 5.6. 
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TABLE 5.6 Rules satisfied by definite integrals 


a b 
1. Order of Integration: : f(x) dx = -| f(x) dx 
b a 


2. 


- Constant Multiple: / kf(x)dx =k] f(x)dx 
. Sum and Difference: 


. Additivity: 


. Max-Min Inequality: 


.- Domination: 


A definition 


A definition when 
f(a) exists 


Zero Width Interval: / f(x) dx = 0 
b 


b 
Any constant k 


b b b 
(fx) = g(x) dx = ' f(x) dx + / B(x) dx 


b c c 
/ f(x) dx + / f@) dx = fi f(x) dx 
a b a 


If f has maximum value max f and minimum value min 
f on [a,b], then 


b 
minf(b~ a) = f fayars max f(b — a). 


b b 
f(x) = g(x) on [a,b] =| fx dx = / g(x) dx 


b 
f@ = Oon [a, b] => / f(x) dx = 0 (Special case) 


y y 
y = 2f(x) : 
y =f) + gx) 
y = g@) 
y =f) 
y = fx) 
0| a >X 01 a b > X 0| a b > X 


(a) Zero Width Interval: 


(b) Constant Multiple: (k = 2) (c) Sum: (areas add) 


b b b b b 
[0 dx =k] f(x)dx fe + sear= | forac + f gcoa 


a a 


y 
1 y y 
nN 
max f+ y =f@) 
y=f@) 
min f- 
y = g(x) 
>X >X 
0 a b c Ola b Ola b 
(d) Additivity for Definite Integrals: (e) Max-Min Inequality: (f) Domination: 
b f(x) = g(x) on [a,b] 


b 
minf+(b— a) = / fx) dx 


<= max f+(b— a) 


fenax + f gonar= | seoax 
b a 


a 


FIGURE 5.11 Geometric interpretations of Rules 2-7 in Table 5.6. 


b b 
=/ faa = | g(x) dx 
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Proof of Rule 6 Rule 6 says that the integral of f over [a,b] is never smaller than 
the minimum value of f times the length of the interval and never larger than the maxi- 
mum value of f times the length of the interval. The reason is that for every partition of 
[a,b] and for every choice of the points cg, 


min f+(b — a) = minf: >) Ax SAxy=b-a 
k=1 


n 
y min f+ Ax, Constant Multiple Rule 
k=1 


IA 


Sf Ax, min f = f(c) 
k=1 


A 


= > max f° Ax, f(c) = max f 
k=1 


n 
= maxf° Axz Constant Multiple Rule 
k p 
k=1 


= max f°(b — a). 


In short, all Riemann sums for f on [a,b] satisfy the inequality 
min f+(b — a) = DS f(c) Ax, S max f(b — a). 
k=1 


Hence their limit, the integral, does too. B 


EXAMPLE 2 To illustrate some of the rules, we suppose that 


1 4 1 
/ f(x) dx = 5, / f(x) dx = —2, and / h(x) dx = 7. 
=f 1 =] 


1 4 
1. | f(x) dx = -| f(x) dx = —(-2) = 2 Rule | 
4 1 
1 


Then 


1 


1 
2, / [2f(x) + 3h(x)] dx = 2 i f(x) dx + 3 D h(x) dx Rules 3 and 4 
all -1 af 


1 
= 2(5) + 3(7) = 31 


4 I 4 
3. f poyar= f spar f poeyar=5+-2=3 Rule 5 = 
—l1 -1 1 


EXAMPLE 3 Show that the value of i. V1 + cos.x dx is less than or equal to V2. 


Solution The Max-Min Inequality for definite integrals (Rule 6) says that min f + (b — a) 
is a lower bound for the value of i ” FOX) dx and that max f -(b — a) is an upper bound. 


The maximum value of V1 + cosx on [0,1] is V1 + 1 = V2, so 
1 
[ ViF coxae = V2-U ~ 0) = V2. Oo 
0 
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FIGURE 5.12 The region in 
Example 4 is a triangle. 


Area Under the Graph of a Nonnegative Function 


We now return to the problem that started this chapter, that of defining what we mean by 
the area of a region having a curved boundary. In Section 5.1 we approximated the area 
under the graph of a nonnegative continuous function using several types of finite sums of 
areas of rectangles capturing the region—upper sums, lower sums, and sums using the 
midpoints of each subinterval—all being cases of Riemann sums constructed in special 
ways. Theorem | guarantees that all of these Riemann sums converge to a single definite 
integral as the norm of the partitions approaches zero and the number of subintervals goes 
to infinity. As a result, we can now define the area under the graph of a nonnegative inte- 
grable function to be the value of that definite integral. 


DEFINITION If y = f() is nonnegative and integrable over a closed interval 
[a,b], then the area under the curve y = f(x) over [a,b] is the integral of 


f from a to b, 
b 
A= / f(x) dx. 


For the first time we have a rigorous definition for the area of a region whose bound- 
ary is the graph of any continuous function. We now apply this to a simple example, the 
area under a straight line, where we can verify that our new definition agrees with our 
previous notion of area. 


EXAMPLE 4 Compute 7 ox dx and find the area A under y = x over the interval 
[0,b],b> 0. 


Solution The region of interest is a triangle (Figure 5.12). We compute the area in two ways. 


(a) To compute the definite integral as the limit of Riemann sums, we calculate 
limypj—o Dip-1f(c,) Ax, for partitions whose norms go to zero. Theorem | tells us that 
it does not matter how we choose the partitions or the points c, as long as the norms ap- 
proach zero. All choices give the exact same limit. So we consider the partition P that 
subdivides the interval [ 0, b ] into n subintervals of equal width Ax = (b — 0)/n= 
b/n, and we choose c, to be the right endpoint in each subinterval. The partition is 


p= [oe a | | ging =e 
S “kb b 
dha Ax = Yarn fle) = ¢ 
k=] k=1 
n kb? 
k=1 ne 
a 
= Oe Constant Multiple Rule 
k=1 
b2 nin + 1) 
~ "4 a Sum of First n Integers 
nN 


NIS 


(c) 


FIGURE 5.13 (a) The area of this 
trapezoidal region is A = (b? — a?)/2. 
(b) The definite integral in Equation 

(2) gives the negative of the area of this 
trapezoidal region. (c) The definite inte- 
gral in Equation (2) gives the area of 
the blue triangular region added to the 
negative of the area of the tan 
triangular region. 
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As n—©o and ||P || — 0, this last expression on the right has the limit b”/2. Therefore, 


b 

2 

[ra = a 
0 


(b) Since the area equals the definite integral for a nonnegative function, we can quickly 
derive the definite integral by using the formula for the area of a triangle having base 
length b and height y = b. The area is A = (1/2) b-b = b’/2. Again we conclude 


that [x dx = b?/2. = 


Example 4 can be generalized to integrate f(x) = x over any closed interval 


[a,b],0<a<b. 
b 0 b 
[xan face fas Rule 5 
a a 0 
a b 
~ fax + fax Rule 1 
0 0 
ae wb 


== FS 
5) 2 Example 4 


In conclusion, we have the following rule for integrating f(x) = x: 


b 2 2 
[xa-3-§, a<b (2) 


This computation gives the area of the trapezoid in Figure 5.13a. Equation (2) remains 
valid when a and b are negative, but the interpretation of the definite integral changes. 
When a < b < 0, the definite integral value (b> — a”)/2 is a negative number, the nega- 
tive of the area of a trapezoid dropping down to the line y = x below the x-axis (Figure 
5.13b). When a < 0 and b > 0, Equation (2) is still valid and the definite integral gives 
the difference between two areas, the area under the graph and above [0, b] minus the 
area below [ a, 0] and over the graph (Figure 5.13c). 

The following results can also be established using a Riemann sum calculation similar 
to that in Example 4 (Exercises 63 and 65). 


b 
/ cdx = c(b — a), c any constant (3) 


a 


b a 2 
pre-F-$. wee (4) 


Average Value of a Continuous Function Revisited 


In Section 5.1 we introduced informally the average value of a nonnegative continuous 
function f over an interval [a,b], leading us to define this average as the area under the 
graph of y = f(x) divided by b — a. In integral notation we write this as 


_ ol 
Average = —- : f@) dx. 


We can use this formula to give a precise definition of the average value of any continuous 
(or integrable) function, whether positive, negative, or both. 
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FIGURE 5.14 A sample of values of a 
function on an interval [a,b]. 


9| f) = V4 - x? 


FIGURE 5.15 The average 
value of f(x) = V4 — x? on 
[—2, 2] is 7/2 (Example 5). The 
area of the rectangle shown here is 
4+ (a/2) = 27, which is also the 
area of the semicircle. 


Exercises 


Interpreting Limits of Sums as Integrals 


Alternatively, we can use the following reasoning. We start with the idea from arith- 
metic that the average of n numbers is their sum divided by n. A continuous function f on 
[a,b] may have infinitely many values, but we can still sample them in an orderly way. 
We divide [ a,b] into n subintervals of equal width Ax = (b — a)/n and evaluate f ata 
point c, in each (Figure 5.14). The average of the n sampled values is 


n 


+ fm) t+: + fe, 
fle) + fc) : FG) _ LS Fc) 


k=1 

_ Ax = b-a_1 Ax 

= pat Ax nn =p_-G 
1 n 

= oe Sf Ax Constant Multiple Rule 


The average is obtained by dividing a Riemann sum for f on [a,b] by (b — a). As we 
increase the size of the sample and let the norm of the partition approach zero, the average 
approaches (1/(b — a)) [ : f(x) dx. Both points of view lead us to the following definition. 


DEFINITION If f is integrable on [a,b], then its average value on [a, b], 
also called its mean, is 


b 
av(f) = = ‘| fide. 


EXAMPLE 5 


Solution We recognize f(x) = V4 — x? as a function whose graph is the upper semi- 
circle of radius 2 centered at the origin (Figure 5.15). 

Since we know the area inside a circle, we do not need to take the limit of Riemann 
sums. The area between the semicircle and the x-axis from —2 to 2 can be computed using 
the geometry formula 


Find the average value of f(x) = V4 — x? on [—2, 2]. 


et et Lee = 
Area = 7° Ur 5) (2) 27. 


Because f is nonnegative, the area is also the value of the integral of f from —2 to 2, 
2 
i V4 — x? dx = 27. 
a) 
Therefore, the average value of f is 
1 : 1 
Se AA Sy oo 
av(f) 7 ane 4 — x dx 4 27) 2: 


Notice that the average value of f over [—2, 2] is the same as the height of a rectangle over 
[—2, 2] whose area equals the area of the upper semicircle (see Figure 5.15). a 


n 


3. lim SiGe — 3c,) Ax,, where P is a partition of [—7, 5] 


Express the limits in Exercises 1-8 as definite integrals. |Pl>9 <4 
. lim S\c,? Ax, where P is a partition of [0, 2] 4. lim S i Ax,, where P is a partition of [1,4] 
[0 <4 lPl0 4\%) 8 
2. lim >) 2c,3 Ax, where P is a partition of [—1, 0] 5. lim Ax;, where P is a partition of [2,3] 
IP l0 f= Piero fl - g™ : 


lim en — c,* Ax,, where P is a partition of [ 0, 1 
k k p 


|P|>0 ~ 


Ts iim. Se c,) Ax,, where P is a partition of [—7/4, 0] 


* [Pl 


Using the Definite Integral Rules 


9. Suppose that f and g are integrable and that 


2 5 5 
/ f(x) dx = —4, / f(®) dx = 6, | g(x) dx = 8. 
I 1 1 


Use the rules in Table 5.6 to find 


2 1 
a. / g(x) dx b. | g(x) dx 
2 
2 
Cc [tore a [toa 
1 


tf [arco = ato) a 


10. Suppose that f and / are integrable and that 


9 9 9 
J f(x) dx = -1, ) f(x) dx = 5, / h(x) dx = 4. 
1 7 7 


5 
ef [40 = een] 
1 


Use the rules in Table 5.6 to find 


9 9 
a. / ~2f (x) dx v. | [ f(x) + h(x)] dx 
1 
9 
Cc 7 [2f(x) — 3h(x)] d a [sora 
7 
7 
e. [ tooa f. [ [ A(x) — fx) ] dx 
1 9 


11. Suppose that LPF) dx = 5. Find 


2, 2 
a. / fu) du b. / V3f(2) dz 
1 1 
1 2 
c. | f(t) dt d. i [—f(x)] dx 
2 1 


lim > (tan c,) Ax,, where P is a partition of [ 0, 7/4] 


12. Suppose that i g(t) dt = \/2. Find 


-3 0 
a. | g(t) dt b. he g(u) du 
0 pee, 


0 
c. / [—g(x) | dx d. 
3 


13. Suppose that f is integrable and that He o f(z) dz = 3 and 


Je f@ de = 7. Find 


4 3 
a. | f(@ dz b. | f(D at 
3 4 


14. Suppose that h is integrable and that Fa : h(r) dr = 0 and 


J?,h@) dr = 6. Find 


3 I 
a. i h(r) dr b. -| h(u) du 
1 3 


ae, 
3 va 
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Using Known Areas to Find Integrals 
In Exercises 15—22, graph the integrands and use known area formulas to 
evaluate the integrals. 


4 3/2 
15. Zi (3 + 3) dx 16. (-2x + 4) dx 


2 1/2 


3 0 
17. / V9 — x? dx 18. / V16 — x? dx 
4 -4 


1 1 
19. / |x| dx 20. fo — |x|) dx 
2. -1 
1 1 
21; fe — |x|) de 22. i (1+ V1 — x) d& 
= = 


Use known area formulas to evaluate the integrals in Exercises 23-28. 


b 
23. f Sax b>0 
- 


b b 
2s. f asa, O0O<a<b 26, [ard O0O<a<b 


27. f= V4—- x on a. [—2,2],b. [0,2] 
28. f(x) = 3x + V1 — x? on a. [-1,0],b. [-1, 1] 


b 
24. jp acac b>0 
0 


Evaluating Definite Integrals 
Use the results of Equations (2) and (4) to evaluate the integrals in 
Exercises 29-40. 


V2 2.5 Qn 
29. Y) x dx 30. | x dx 31. / 6 dé 
1 0.5 7 
5V2 V7 0.3 
32. i rdr 33. } x? dx 34. | s? ds 
V2 0 0 


1/2 a/2 2a 
35. | v dt 36. / 6° do 37. / x dx 
0 0 a 


V3a Wb 3b 
38. / x dx 39. | x? dx 40. | x? dx 
a 0 0 


Use the rules in Table 5.6 and Equations (2)-(4) to evaluate the integrals 
in Exercises 41-50. 


1 2: 
41. | T dx 42. | 5x dx 
3 0 


2 v2 
43. fanaa a | (= 7/2 Jae 
0 0 
; 4 
as. f (1+) 
2: 
47. [peu 
1 


2 
49. i) (3x? + x — 5) dx 
0 


0 
46. / (2z — 3) dz 
3 


\ 
48. | 24u? du 
1/2 
0 
50. / (3x* +x — 5)dx 
1 


Finding Area by Definite Integrals 

In Exercises 51—54, use a definite integral to find the area of the region 
between the given curve and the x-axis on the interval [ 0, b]. 

51. y = 3x 52. y = 7x 


53. y = 2x 54. y= 41 
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Finding Average Value 
In Exercises 55—62, graph the function and find its average value over 
the given interval. 


55. f(y) =x -1 on [0, V3] 


2 
56. f@) =—>Z on [0,3] 


57. f(x) =—3x2-1 on [0,1] 

58. f(x) = 3x7 - 3 on [0,1] 

59. f(t) = (t— 1)? on [0,3] 

60. fM@=P-—+t on [-2,1] 

61. g(x) = |x} — 1 on a. [-1,1], b. [1,3], and « [-1,3] 
62. h(x) =—|x| on a. [-1,0], b. [0,1], and e« [1,1] 


Definite Integrals as Limits of Sums 
Use the method of Example 4a or Equation (1) to evaluate the definite 
integrals in Exercises 63-70. 


b Z 
63. / cdx 64. | (2x + 1) dx 
a 0 


b 0 
65. / dx, a<b 66. / (x — x) dx 
a —I 
2 1 
67. i: (3x? — 2x + 1) dx 68. 1 x dx 
-1 -1 
b 1 
69. / wdx, a<b 70. i (3x — x3) dx 
a 0 


Theory and Examples 
71. What values of a and b maximize the value of 


b 
i) (x — x?) dx? 


(Hint: Where is the integrand positive?) 


72. What values of a and b minimize the value of 


b 
} (x4 — 2x?) dx? 


a 


73. Use the Max-Min Inequality to find upper and lower bounds for 
the value of 


74. (Continuation of Exercise 73.) Use the Max-Min Inequality to 
find upper and lower bounds for 


0.5 1 1 1 
i zdx and i 7d. 
9 L+x osl +x 


Add these to arrive at an improved estimate of 


75. Show that the value of i s sin (x?) dx cannot possibly be 2. 
76. Show that the value of ? i Vx + 8 dx lies between 2V2 ~ 2.8 
and 3. 


77. Integrals of nonnegative functions Use the Max-Min Inequality 
to show that if f is integrable then 


b 
fm=0 on [ab] => [toaee 


78. Integrals of nonpositive functions Show that if f is integrable 
then 


b 
fm=0 on [ab] = [ious 


79. Use the inequality sin x = x, which holds for x = 0, to find an 
upper bound for the value of I o Sin x dx. 


80. The inequality sec x = 1 + (x7/2) holds on (—7/2, 7/2). Use 
it to find a lower bound for the value of I i sec x dx. 


81. If av(f) really is a typical value of the integrable function f(x) on 
[a,b], then the constant function av(f) should have the same 
integral over [a,b] as f. Does it? That is, does 


b b 
} av(f) dx = f(x) dx? 


a 


Give reasons for your answer. 


82. It would be nice if average values of integrable functions obeyed 
the following rules on an interval [ a, b]. 


a. av(f + g) = av(f) + av(g) 
b. av(kf) = kav(f) 
c. av(f) = av(g) if f@) = g@ on [a,b]. 


Do these rules ever hold? Give reasons for your answers. 


(any number k) 


83. Upper and lower sums for increasing functions 


a. Suppose the graph of a continuous function f(x) rises steadily 
as x moves from left to right across an interval [ a,b]. Let P 
be a partition of [a,b] into n subintervals of equal length 
Ax =(b — a)/n. Show by referring to the accompanying fig- 
ure that the difference between the upper and lower sums for 
f on this partition can be represented graphically as the area 
of a rectangle R whose dimensions are [ f(b) — f(a)] by Ax. 
(Hint: The difference U — L is the sum of areas of rectangles 
whose diagonals QoQ), Q;Q>,..., Q,—-1Q,, lie approximately 
along the curve. There is no overlapping when these rectan- 
gles are shifted horizontally onto R.) 


b. Suppose that instead of being equal, the lengths Ax, of the 
subintervals of the partition of [a,b] vary in size. Show that 


U-—L < |f(b) — f(@| Axmax, 


where AxXpax is the norm of P, and hence that lim |p| —o 
(U — L) = 0. 


84. 


85. 


86. 


>< 


f(b) — f@ 
R 


[al 


>X 


O| x9 =a xX, X2 X,=b 


Upper and lower sums for decreasing functions 
tion of Exercise 83.) 


(Continua- 


a. Draw a figure like the one in Exercise 83 for a continuous 
function f(x) whose values decrease steadily as x moves from 
left to right across the interval [ a,b]. Let P be a partition of 
[a,b] into subintervals of equal length. Find an expression 
for U — L that is analogous to the one you found for U — L 
in Exercise 83a. 


b. Suppose that instead of being equal, the lengths Ax, of the 
subintervals of P vary in size. Show that the inequality 


U-LsS | f(b) = f(a)| x cee 


of Exercise 83b still holds and hence that limypy—o 
(U-L)=0. 


Use the formula 


sinh + sin 2h + sin 3h +--+++ sinmh 
cos(h/2) — cos((m + (1/2))h) 
2sin (h/2) 


to find the area under the curve y = sinx from x = 0 to 

x = 7/2 in two steps: 

a. Partition the interval [0,7/2] into n subintervals of equal 
length and calculate the corresponding upper sum U; then 

b. Find the limit of U as n 00 and Ax = (b — a)/n— 0. 


Suppose that f is continuous and nonnegative over [ a, b], as in 
the accompanying figure. By inserting points 


Nyy Xoped epee eS 


as shown, divide [ a, b | inton subintervals of lengths Ax, = x; — a, 
Ax) = % — x,..., Ax, = b — x,—), which need not be equal. 


a. If m, = min { f(x) for x in the kth subinterval}, explain the 
connection between the lower sum 


L =m, Ax, + m) Axy + +++ + m, Ax, 
and the shaded regions in the first part of the figure. 


b. If M, = max { f(x) for x in the kth subinterval}, explain the 
connection between the upper sum 


U = M, Ax, + M, Ax, + +++ + M, Ax, 
and the shaded regions in the second part of the figure. 


c. Explain the connection between U — L and the shaded 
regions along the curve in the third part of the figure. 
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y = fx) 


>Xx 
Ol a xy xX. x3 Xp-y Xx Ke 4-- OD 
y 
ZN 
>Xx 
Ol a XE Kees b 
y 
a 
>Xx 
Ol oa Xp Xe4y b 
x 
an) = — 
vy 
I< b-a | 


87. We say f is uniformly continuous on [ a, b] if given any € > 0, 
there is a 6 >0 such that if x,x. are in [a,b] and 
|x, — x| < 6, then |f(x,) — f()| < e. It can be shown that a 
continuous function on [a,b] is uniformly continuous. Use this 
and the figure for Exercise 86 to show that if f is continuous and 
e€ > 0 is given, it is possible to make U — L = e+(b — a) by 
making the largest of the Ax;,’s sufficiently small. 

88. If you average 30 mi/h on a 150-mi trip and then return over the 
same 150 mi at the rate of 50 mi/h, what is your average speed 
for the trip? Give reasons for your answer. 


COMPUTER EXPLORATIONS 

If your CAS can draw rectangles associated with Riemann sums, use 
it to draw rectangles associated with Riemann sums that converge to 
the integrals in Exercises 89-94. Use n = 4, 10, 20, and 50 subinter- 
vals of equal length in each case. 


1 
89. fo xd = 5 


328 Chapter 5: Integrals 


1 
0, f o2+ dax= 4 a | 
; 3 


7/4 
92. | sec?x dx = 1 
0 


2 
94, i lax (The integral’s value is about 0.693.) 
1 


cos x dx = 0 


d. Solve the equation f(x) = (average value) for x using the aver- 
age value calculated in part (c) for the n = 1000 partitioning. 


95. f(x) =sinx on [0,7] 


1 
93. ‘. |x| dx = 1 96. f(x) = sin?x on [0,7] 
-1 


97. f(x) = xsin 4 on Z.2| 


98. f(x) =x on E | 


In Exercises 95-102, use a CAS to perform the following steps: 


a. Plot the functions over the given interval. 


b. Partition the interval into n = 100, 200, and 1000 subinter- 


99. f(x) =xe* on [0,1] 
100. f() =e* on [0,1] 


vals of equal length, and evaluate the function at the midpoint 101. f(x) = a on [2,5] 
of each subinterval. 
c. Compute the average value of the function values generated in 102. f(x) = a= on 0. | 
0 


part (b). 
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HISTORICAL BIOGRAPHY 
Sir Isaac Newton 


(1642-1727) 


f(c), average 
| height 
> 


x 


b 


FIGURE 5.16 The value f(c) in the 
Mean Value Theorem is, in a sense, 
the average (or mean) height of f on 
[a,b]. When f = 0, the area of the 
rectangle is the area under the graph of 
f from a to b, 


b 
feb — a) = / f(x) dx. 


In this section we present the Fundamental Theorem of Calculus, which is the central theorem 
of integral calculus. It connects integration and differentiation, enabling us to compute inte- 
grals using an antiderivative of the integrand function rather than by taking limits of Riemann 
sums as we did in Section 5.3. Leibniz and Newton exploited this relationship and started 
mathematical developments that fueled the scientific revolution for the next 200 years. 

Along the way, we present an integral version of the Mean Value Theorem, which is 
another important theorem of integral calculus and is used to prove the Fundamental 
Theorem. We also find that the net change of a function over an interval is the integral of 
its rate of change, as suggested by Example 3 in Section 5.1. 


Mean Value Theorem for Definite Integrals 


In the previous section we defined the average value of a continuous function over a 
closed interval [a,b] as the definite integral 1 F(x) dx divided by the length or width 
b — a of the interval. The Mean Value Theorem for Definite Integrals asserts that this 
average value is always taken on at least once by the function f in the interval. 

The graph in Figure 5.16 shows a positive continuous function y = f(x) defined over 
the interval [ d, b] . Geometrically, the Mean Value Theorem says that there is a number c in 
[ a, b] such that the rectangle with height equal to the average value f(c) of the function and 
base width b — a has exactly the same area as the region beneath the graph of f from a to b. 


THEOREM 3—The Mean Value Theorem for Definite Integrals If f is continu- 
ous on [a, b], then at some point c in [ a, b], 


b 


flO = 52a) fede 


—a 
a 


Proof If we divide both sides of the Max-Min Inequality (Table 5.6, Rule 6) by (b — a), 
we obtain 


b 
minf = al f(x) dx = max f. 


FIGURE 5.17 A discontinuous function 
need not assume its average value. 


y area = F(x) 


y=fO 


>t 


ol a x b 


FIGURE 5.18 The function F(x) 
defined by Equation (1) gives the area 
under the graph of f from a to x when 
f is nonnegative and x > a. 


y=fO 
f(x) 
ol a xxt+th b a 
FIGURE 5.19 In Equation (1), 


F(x) is the area to the left of x. Also, 
F(x + h) is the area to the left of 

x + h. The difference quotient 

[F(x + h) — F(x) ]/h is then ap- 
proximately equal to f(x), the height 
of the rectangle shown here. 
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Since f is continuous, the Intermediate Value Theorem for Continuous Functions (Section 
2.5) says that f must assume every value between min f and max f. It must therefore 
assume the value (1/(b — a)) Jf) dx at some point c in [a,b]. | 


The continuity of f is important here. It is possible that a discontinuous function 
never equals its average value (Figure 5.17). 


EXAMPLE 1 


Show that if f is continuous on [a,b], a # b, and if 


b 
/ f(x) dx = 0, 


then f(x) = 0 at least once in [a,b]. 
Solution The average value of f on [a, b] is 


b 
w=5t af fe) dx = +0 = 0. 


By the Mean Value Theorem, f assumes this value at some point c € [a,b]. a 


Fundamental Theorem, Part 1 


It can be very difficult to compute definite integrals by taking the limit of Riemann sums. We 
now develop a powerful new method for evaluating definite integrals, based on using antideriva- 
tives. This method combines the two strands of calculus. One strand involves the idea of taking 
the limits of finite sums to obtain a definite integral, and the other strand contains derivatives and 
antiderivatives. They come together in the Fundamental Theorem of Calculus. We begin by con- 
sidering how to differentiate a certain type of function that is described as an integral. 

If f(A is an integrable function over a finite interval /, then the integral from any fixed 
number a € / to another number x € J defines a new function F whose value at x is 


F(x) = | soa. (1) 


For example, if f is nonnegative and x lies to the right of a, then F(x) is the area under the 
graph from a to x (Figure 5.18). The variable x is the upper limit of integration of an integral, 
but F is just like any other real-valued function of a real variable. For each value of the input 
x, there is a well-defined numerical output, in this case the definite integral of f from a to x. 

Equation (1) gives a way to define new functions (as we will see in Section 7.1), but 
its importance now is the connection it makes between integrals and derivatives. If f is 
any continuous function, then the Fundamental Theorem asserts that F is a differentiable 
function of x whose derivative is f itself. At every value of x, it asserts that 


£ F(x) = FO). 


To gain some insight into why this result holds, we look at the geometry behind it. 
If f = 0 on [a,b], then the computation of F’(x) from the definition of the deriva- 
tive means taking the limit as h — 0 of the difference quotient 
F(x + h) — F(x) 
h : 
For h > 0, the numerator is obtained by subtracting two areas, so it is the area under the 
graph of f from x to x + h (Figure 5.19). If h is small, this area is approximately equal to the 
area of the rectangle of height f(x) and width h, which can be seen from Figure 5.19. That is, 
F(x + h) — F(x) = hf(). 
Dividing both sides of this approximation by / and letting h — 0, it is reasonable to expect that 
F(x + h) — F(x) 
= (2). 


This result is true even if the function f is not positive, and it forms the first part of the 
Fundamental Theorem of Calculus. 


ro) = ji 
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THEOREM 4—The Fundamental Theorem of Calculus, Part 1 If f is continu- 
ous on [a, b], then F(x) = ‘i * f() dt is continuous on [ a, b] and differentiable 
on (a, b) and its derivative is f(x): 


ray=4 i “fl dt = fo). 2) 


Before proving Theorem 4, we look at several examples to gain a good understanding 
of what it says. In each example, notice that the independent variable appears in a limit of 
integration, possibly in a formula. 


EXAMPLE 2 Use the Fundamental Theorem to find dy/dx if 


x 5 
(a) y= f (8 + 1) dt wo y= f desin cat 


x 4 
1 
(c) y -| cost dt (d) y= i dt 
1 tae 2 + et 


Solution We calculate the derivatives with respect to the independent variable x. 


d Mid 
(a) aaa (P+ 1)dt=x+4+1 Eq. (2) with f() =A +1 
5 


(b) yd iene = _ pee Table 5.6, Rule 1 
a dx : a : able 5.6, Rule 


a eee 
= « 3t sin t dt 


= —3x sin x Eq. (2) with f(f) = 3¢sint 


(c) The upper limit of integration is not x but x”. This makes y a composite of the two 
functions, 


u 
y= 7 costdt and = u=x’. 
1 


We must therefore apply the Chain Rule when finding dy/dx. 


dy _ dy du 
dx du dx 
7 d u du 
= (4 / cos td) de 
= , du 
COS Ut 


= cos(x) + 2x 


= 2xcos x” 
: 14+3x° 
d 1 d I 
o . 2+e ie #( | 2+ e ar) Rule | 

14327 

d 

dx | 2 e a 
: g 2 Eq. (2) and the 

2+ ef +3x) dx (1 =os ) Chain Rule 
6x 


~ 9 4 el $3) a 
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Proof of Theorem 4 We prove the Fundamental Theorem, Part 1, by applying the 
definition of the derivative directly to the function F(x), when x and x + A are in (a, b). 
This means writing out the difference quotient 

F(x + h) — F(x) 

a @) 
and showing that its limit as h — 0 is the number f(x) for each x in (a, b). Doing so, we find 


F(x + h) — F(x) 


F'(x) = lim 


—0 


h 
xth x 
tim] | f(t) dt — | f(t) a 


1 x+h 
lim — f@ dt. Table 5.6, Rule 5 
hoh J 


According to the Mean Value Theorem for Definite Integrals, the value before taking 
the limit in the last expression is one of the values taken on by f in the interval between x 
and x + h. That is, for some number c in this interval, 


1 xth 
Ff dt = f(c). (4) 


As h—0,x + h approaches x, forcing c to approach x also (because c is trapped between 
x and x + h). Since f is continuous at x, f(c) approaches f(x): 


lim fc) = f@). (3) 


In conclusion, we have 


l xth 
F'(x) = tims, / f(t) dt 


li Eq. (4 
lim f(¢) q. (4) 


f(x). Eq. (5) 


If x = aor b, then the limit of Equation (3) is interpreted as a one-sided limit with h — 0* 
or h— 0, respectively. Then Theorem | in Section 3.2 shows that F is continuous over 
[a, b]. This concludes the proof. Oo 


Fundamental Theorem, Part 2 (The Evaluation Theorem) 


We now come to the second part of the Fundamental Theorem of Calculus. This part describes 
how to evaluate definite integrals without having to calculate limits of Riemann sums. Instead 
we find and evaluate an antiderivative at the upper and lower limits of integration. 


THEOREM 4 (Continued)—The Fundamental Theorem of Calculus, Part 2 
If f is continuous over [ a, b] and F is any antiderivative of f on [a,b], then 


b 
/ f(x) dx = F(b) — F(a). 


Proof Part | of the Fundamental Theorem tells us that an antiderivative of f exists, namely 
G(x) = i f@ dt. 


Thus, if F is any antiderivative of f, then F(x) = G(x) + C for some constant C for 
a<x <b (by Corollary 2 of the Mean Value Theorem for Derivatives, Section 4.2). 
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Since both F and G are continuous on [a,b], we see that F(x) = G(x) + C also holds 
when x = a and x = b by taking one-sided limits (as x > a* and x > b’). 
Evaluating F(b) — F(a), we have 


F(b) — F(a) = [G@b) + C] - [G@ + C] 
G(b) — Ga) 


b a 
= / f(t) dt — / f(t) dt 
. a 
= 7 f(t) dt — 0 
b 


= | fipdt. = 


The Evaluation Theorem is important because it says that to calculate the definite 
integral of f over an interval [ a, b] we need do only two things: 


1. Find an antiderivative F of f, and 
2. Calculate the number F(b) — F(a), which is equal to ih i f(x) dx. 


This process is much easier than using a Riemann sum computation. The power of the 
theorem follows from the realization that the definite integral, which is defined by a com- 
plicated process involving all of the values of the function f over [ a, b], can be found by 
knowing the values of any antiderivative F at only the two endpoints a and b. The usual 
notation for the difference F(b) — F(a) is 


b b 
res | or [Feo | 5 
depending on whether F has one or more terms. 


EXAMPLE 3 We calculate several definite integrals using the Evaluation Theorem, 
rather than by taking limits of Riemann sums. 


(a) i cos x dx = sinx| 
0 0 


=sina7 —sn0=0-0=0 


2 ies = cosx 
dx . 


0 
d 
=, sex = Sec x lan x 
dx 


0 
(b) / sec x tan x dx = sec | 


a /4 —7/4 


= sec 0 se ( 7) 1 479: 


4 4 
3 4 2,4 df of: 4} Bam ~ & 
° [ G- Saeed], ee oe 
4 4 
= 3/2 ay 3/2 = 


=[8+1]- [5] =4 


1 1 
dx eg ae 1 
(d) | ope +l] a lx 1| Foe ae | 
=In2—-Inl =1n2 
1 1 
(e) | a = tan! x] f erty = 
Ge oe 0 dx gaa 


= tan! 1 — tan! 0 = 
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Exercise 82 offers another proof of the Evaluation Theorem, bringing together the 
ideas of Riemann sums, the Mean Value Theorem, and the definition of the definite integral. 


The Integral of a Rate 


We can interpret Part 2 of the Fundamental Theorem in another way. If F is any antideriva- 
tive of f, then F’ = f. The equation in the theorem can then be rewritten as 


b 
: F'(x) dx = F(b) — F(a). 


Now F'(x) represents the rate of change of the function F(x) with respect to x, so the last 
equation asserts that the integral of F’ is just the net change in F as x changes from a to b. 
Formally, we have the following result. 


THEOREM 5—The Net Change Theorem The net change in a differentiable 
function F(x) over an interval a = x S 5 is the integral of its rate of change: 


b 
F(b) — F(a) = / F' (x) dx. (6) 


EXAMPLE 4 Here are several interpretations of the Net Change Theorem. 


(a) If c(x) is the cost of producing x units of a certain commodity, then c’(x) is the mar- 
ginal cost (Section 3.4). From Theorem 5, 


/ Ci ae. 


which is the cost of increasing production from x, units to x, units. 
(b) If an object with position function s(t) moves along a coordinate line, its velocity is 
v(t) = s'(f). Theorem 5 says that 


[ dt = S(h) — s(t), 


so the integral of velocity is the displacement over the time interval t, = ¢ = 4. On 
the other hand, the integral of the speed |v(/)| is the total distance traveled over the 
time interval. This is consistent with our discussion in Section 5.1. | 


If we rearrange Equation (6) as 


b 
F(b) = F(a) + / F'(x) dx, 


we see that the Net Change Theorem also says that the final value of a function F(x) over 
an interval [a,b] equals its initial value F(a) plus its net change over the interval. So if 
v(t) represents the velocity function of an object moving along a coordinate line, this 
means that the object’s final position s(t,) over a time interval t; = t = bh is its initial 
position s(t,) plus its net change in position along the line (see Example 4b). 


EXAMPLE 5 Consider again our analysis of a heavy rock blown straight up from the 
ground by a dynamite blast (Example 3, Section 5.1). The velocity of the rock at any time 
t during its motion was given as v(t) = 160 — 32r ft/sec. 

(a) Find the displacement of the rock during the time period 0 = ft = 8. 

(b) Find the total distance traveled during this time period. 
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y 
” 


fi) =x? -4 


>< 


FIGURE 5.20 These graphs 
enclose the same amount of area 
with the x-axis, but the definite 
integrals of the two functions over 
[—2,2] differ in sign (Example 6). 


Solution 
(a) From Example 4b, the displacement is the integral 


8 8 
[oa [00 328) dt = [160t — 1677 ]* 
0 0 


= (160)(8) — (16)(64) = 256. 
This means that the height of the rock is 256 ft above the ground 8 sec after the explo- 
sion, which agrees with our conclusion in Example 3, Section 5.1. 


(b) As we noted in Table 5.3, the velocity function v(t) is positive over the time interval 
[0,5] and negative over the interval [5,8]. Therefore, from Example 4b, the total 
distance traveled is the integral 


8 5 8 
J pola =f loolar+ | | u(t)|dt 
0 0 5 


5 8 
= / (160 — 321) dt — | (160 — 322) dt 
0 5 


= [160 — 167 ]} — [ 160r — 1677] 
= [(160)(5) — (16)(25)] — [(160)(8) — (16)(64) — ((160)(5) — (16)(25))] 
= 400 — (-144) = 544. 


Again, this calculation agrees with our conclusion in Example 3, Section 5.1. That is, 
the total distance of 544 ft traveled by the rock during the time period 0 = f = 8 is 
(i) the maximum height of 400 ft it reached over the time interval [0,5] plus (ii) the 
additional distance of 144 ft the rock fell over the time interval [ 5, 8]. Oo 


The Relationship Between Integration and Differentiation 


The conclusions of the Fundamental Theorem tell us several things. Equation (2) can be 
rewritten as 


é i. “flO dt = foe 


which says that if you first integrate the function f and then differentiate the result, you 
get the function f back again. Likewise, replacing b by x and x by f in Equation (6) gives 


i “F'() dt = F(x) — F(a), 


so that if you first differentiate the function F and then integrate the result, you get the 
function F back (adjusted by an integration constant). In a sense, the processes of integra- 
tion and differentiation are “inverses” of each other. The Fundamental Theorem also says 
that every continuous function f has an antiderivative F. It shows the importance of find- 
ing antiderivatives in order to evaluate definite integrals easily. Furthermore, it says that 
the differential equation dy/dx = f(x) has a solution (namely, any of the functions 
y = F(x) + C) for every continuous function f. 


Total Area 


Area is always a nonnegative quantity. The Riemann sum contains terms such as f(c,) Ax; 
that give the area of a rectangle when f(c,) is positive. When f(c,) is negative, then the 
product f(c,) Ax, is the negative of the rectangle’s area. When we add up such terms for a 
negative function, we get the negative of the area between the curve and the x-axis. If we 
then take the absolute value, we obtain the correct positive area. 


EXAMPLE 6 Figure 5.20 shows the graph of f(x) = x? — 4 and its mirror image 
g(x) = 4 — x? reflected across the x-axis. For each function, compute 


FIGURE 5.21 = The total area 
between y = sin x and the x-axis for 

0 = x = 27 is the sum of the absolute 
values of two integrals (Example 7). 
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(a) the definite integral over the interval [—2, 2], and 


(b) the area between the graph and the x-axis over [—2, 2]. 


Solution 


2 3 2 
_ |x _ {8 8 — 32 
(a) [i dx E arf € s) ( 3 + s) 3° 
and 


: oP _ 32 
[i dx = ax 3 ie ae 


(b) In both cases, the area between the curve and the x-axis over [—2, 2] is 32/3 square 
units. Although the definite integral of f(x) is negative, the area is still positive. | 


To compute the area of the region bounded by the graph of a function y = f(x) and 
the x-axis when the function takes on both positive and negative values, we must be care- 
ful to break up the interval [ a, b] into subintervals on which the function doesn’t change 
sign. Otherwise we might get cancelation between positive and negative signed areas, 
leading to an incorrect total. The correct total area is obtained by adding the absolute value 
of the definite integral over each subinterval where f(x) does not change sign. The term 
“area” will be taken to mean this total area. 


EXAMPLE 7 Figure 5.21 shows the graph of the function f(x) = sinx between 
x = 0 and x = 277. Compute 


(a) the definite integral of f(x) over [ 0, 277]. 
(b) the area between the graph of f(x) and the x-axis over [ 0, 27]. 


Solution 


(a) The definite integral for f(x) = sin x is given by 


2a ‘Sar 
/ sinx dx =—cosx| =-—[cos27 —cos0O] =—-[1-—1] =0. 

0 0 
The definite integral is zero because the portions of the graph above and below the 
x-axis make canceling contributions. 


(b) The area between the graph of f(x) and the x-axis over [0,27] is calculated by 


breaking up the domain of sin x into two pieces: the interval [ 0, 7] over which it is 
nonnegative and the interval [ 77, 27 ] over which it is nonpositive. 


J sinxde = cos. =—[cosa — cos0] =—[-1—-—1] =2 
0 0 


27 ar 
/ sinx de = —c0sx| = —[cos2a7 — cos7] =—[1 — (-1)] =~-2 


The second integral gives a negative value. The area between the graph and the axis is 
obtained by adding the absolute values, 


Area = |2| + |-2| = 4. | 


Summary: 

To find the area between the graph of y = f(x) and the x-axis over the interval [ a, b ]: 
1. Subdivide [ a, b] at the zeros of f. 

2. Integrate f over each subinterval. 


3. Add the absolute values of the integrals. 
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EXAMPLE 8 Find the area of the region between the x-axis and the graph of 
f(x) = 29° — x? — 2x, -1 Sx <2. 


Solution First find the zeros of f. Since 


f(x) = 3x3 — x2 — 2x = x(x? — x — 2) = x(x + 1G —- 2), 


the zeros are x = 0,—1, and 2 (Figure 5.22). The zeros subdivide [—1, 2] into two subin- 
tervals: [—1,0], on which f = 0, and [0,2], on which f = 0. We integrate f over each 


FIGURE 5.22 The region between the 


3 


curve y = x° — x? — 2x and the x-axis 


(Example 8). 


subinterval and add the absolute values of the calculated integrals. 


° 3 2 ne, 
[oe — x* — 2x) dx E 3 


7 : ; a << 
[e-#- ma 4 3 


s]-o--§ 


The total enclosed area is obtained by adding the absolute values of the calculated integrals. 


Total enclosed area = 3 + ; = a ce 
Exercises 
Evaluating Integrals v2 OL 8 (x13 + 1)(2 — 22/3) 
Evaluate the integrals in Exercises 1-34. 23. ae 24. x3 dx 
> : 1 1 
1. | x(x — 3) dx 2. (x? — 2x + 3) dx uae a/3 
0 -1 25. i mee dx 26. | (cos x + sec x)? dx 
‘5 a)? 2 sin x 7 
3. Fi 7 ae dx 4. fl x? dx 4 7 
5 mae, 4 27. / |x| dx 28. i 3 (cos x + |cos x|) dx 
4 Pi 3 —4 0 
5. : (2 = =) dx 6. i (x3 — 2x + 3) dx in2 2/4 
' a 29. | e* dx 30. i) (; - *) dx 
1 32 0 1 
7. | (x2 + Vx) dx 8. / x 5 dx 1/2 P v3 , 
0 1 dx 
31. ———— da 32. 
1/3 7 , V1 — x2 | 1 + 4x? 
9. | 2 sec” x dx 10. / (1 + cos x) dx 4 0 
ne A : ; 33. / x de 34. / a! dx 
377, 7 7 2 -1 
11. / esc 0 cot 6 d6 12. | 4H ae 
a/4 0 cos” u In Exercises 35-38, guess an antiderivative for the integrand function. 
0 a/3 Validate your guess by differentiation and then evaluate the given 
13. - 1 + cos 27 dt 14, / sin? t dt definite integral. (Hint: Keep in mind the Chain Rule in guessing an 
a/2 - —7/3 antiderivative. You will learn how to find such antiderivatives in the 
a/4 7/6 next section.) 
15. | tan? x dx 16. | (sec x + tanx)? dx —_ Pi 
0 0 35. | xe™ dx 36. | = ae 
1/8 —1/4 0 1 
17. / sin 2x dx 18. / (4 sec?t + *) dt a a/3 
0 —7/3 37. 7 ——————— 38. | sin? x cos x dx 
| V3 2 Vv 1+ x? 0 
19, (r + 1) dr 20. : (t + 1)(#? + 4) dt Derivatives of Integrals 
: ae Find the derivatives in Exercises 39-44. 
1 7 ' @ _ 4) ie » / : yo = 2y wi a. by evaluating the integral and differentiating the result. 
vz\2 3 y b. by differentiating the integral directly. 


] Vx sin x 
39. - cos t dt 40. <- | 3? dt 
0 1 
d ft tan@ 
41. —/ Vudu 42. al sec? ydy 
dt}. dé}, 


2 Vi 
da feats d 4 a 
43. ae | e ‘dt 44. dt |, (: + = =) dx 


Find dy/dx in Exercises 45-56. 


4s. y= f Vit Pat 46. y= f jd, x>0 
0 1 


0 2 
47. y= | sin (1°) dt 48. y= xf sin (13) dt 
2 


Vx 


ae P x 2 
49. y= f 7 dt / 5 dt 
+4 3¢+4 
x 3 
50. y= ¢ (p+ 1) ar) 
0 


sin x 


51. y= ge 


: dt Yo 

s2. y= | ——~ 53 y= f — dt 
tanx i Pr 0 Vi 
1 sin !x 

54. y= | Wrat 55. y -[ cos t dt 
2 0 
lit 

56. y = J sin! tdt 
1 

Area 


In Exercises 57-60, find the total area between the region and the x-axis. 
57. y=—-x? - 2x, -35x=2 

58. y = 3x7 -3, -25x52 

59. y=x -— 3x7 + 2x, OS x=2 


60. y=x'B-—x, -1lSx<8 


IA 


Find the areas of the shaded regions in Exercises 61-64. 


61. y 


y=1+cosx 


62. y 


y=sinx 
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63. 


y = sec 6 tan 0 


—V/2b 


Initial Value Problems 

Each of the following functions solves one of the initial value prob- 
lems in Exercises 65-68. Which function solves which problem? Give 
brief reasons for your answers. 


ayn f tas be y= f sera +4 

1 0 

cya f sccta +4 a y= f ja-3 
=1 7 


dy 1 _ 
65. a ® y(7r) 3 


a 

A 

wy 
ll 


secx, y(—-l1) = 4 


1 


67. y’ = secx, y(0) = 4 68. y’ = 3, yd) =-3 


Express the solutions of the initial value problems in Exercises 69 and 
70 in terms of integrals. 


69, © = 2) = 
Te 7 SCH y(2) = 3 


1+ x, y(1) = -2 


Theory and Examples 

71. Archimedes’ area formula for parabolic arches Archimedes 
(287-212 B.c.), inventor, military engineer, physicist, and the 
greatest mathematician of classical times in the Western world, 
discovered that the area under a parabolic arch is two-thirds the 
base times the height. Sketch the parabolic arch y = h — (4h/b*)x’, 
—b/2 = x = b/2, assuming that h and b are positive. Then use 
calculus to find the area of the region enclosed between the arch 
and the x-axis. 


72. Show that if k is a positive constant, then the area between the 
x-axis and one arch of the curve y = sin kx is 2/k. 


73. Cost from marginal cost The marginal cost of printing a poster 
when x posters have been printed is 
de_ 1 
dx Wx 
dollars. Find c(100) — c(1), the cost of printing posters 2-100. 
74. Revenue from marginal revenue Suppose that a company’s 
marginal revenue from the manufacture and sale of eggbeaters is 


OF oy ee a 
Rata, 


where r is measured in thousands of dollars and x in thousands of 
units. How much money should the company expect from a pro- 
duction run of x = 3 thousand eggbeaters? To find out, integrate 
the marginal revenue from x = 0 to x = 3. 
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75. 


76. 


77. 


78. 
79. 


80. 


81. 


82. 
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The temperature T(°F) of a room at time ¢ minutes is given by 


T = 85 — 3V25 —t for 


a. Find the room’s temperature when t = 0, t = 16, andt = 25. 


0st = 25. 


b. Find the room’s average temperature for 0 = f = 25. 


The height H (ft) of a palm tree after growing for f years is given by 


H=Vt+1+4 50? for 


a. Find the tree’s height when t = 0, t = 4, andr = 8. 


Ostss. 


b. Find the tree’s average height forO = ¢ = 8. 
Suppose that f° f(Q) dt = x7 — 2x + 1. Find f(x). 
Find f(4) if [> f() dt = x cos mx. 


Find the linearization of 
fw =2- “ 2 dt 
bet 


Find the linearization of 


atx = 1. 


g(x) = 3 a) sec (t — 1) dt 
1 


atx =—l. 


Suppose that f has a positive derivative for all values of x and 
that f(1) = 0. Which of the following statements must be true of 
the function 


g() = | “fo dt? 
0 


Give reasons for your answers. 

a. gis a differentiable function of x. 

b. g is a continuous function of x. 

c. The graph of g has a horizontal tangent at x = 1. 
d. g has a local maximum at x = 1. 

e. g has a local minimum at x = 1. 

f. The graph of g has an inflection point at x = 1. 
g. The graph of dg/dx crosses the x-axis at x = 1. 


Another proof of the Evaluation Theorem 
a. Let a = x) < x) < x)°++ <x, = b be any partition of [ a, b], 
and let F be any antiderivative of f. Show that 


n 


F(b) — F(a) = > (FQ) — F@-)]. 


i=1 


b. Apply the Mean Value Theorem to each term to show that 
F(x) — FQ) = f(c)@; — x1) for some c; in the interval 
(x;_1, X;). Then show that F(b) — F(a) is a Riemann sum for f 
on [a,b]. 


c. From part (b) and the definition of the definite integral, show 
that 


F(b) — F(a) = f(®) dx. 


a 


83. 


84. 


Suppose that f is the differentiable function shown in the accom- 
panying graph and that the position at time f (sec) of a particle 
moving along a coordinate axis is 


Ss = | 400 dx 
0 


meters. Use the graph to answer the following questions. Give 
reasons for your answers. 


a. What is the particle’s velocity at time t = 5? 


b. Is the acceleration of the particle at time t = 5 positive, or 
negative? 


fo) 


. What is the particle’s position at time t = 3? 


d. At what time during the first 9 sec does s have its largest 
value? 


e. Approximately when is the acceleration zero? 

f. When is the particle moving toward the origin? Away from 
the origin? 

g. On which side of the origin does the particle lie at time t = 9? 


ie 
Find lim a2 — 


PO Vx 1 Vi 


COMPUTER EXPLORATIONS 

In Exercises 85-88, let F(x) = uD f(@ dt for the specified function f 
and interval [a,b]. Use a CAS to perform the following steps and 
answer the questions posed. 


a. 
b. 


87. 
88. 


. f(x) = 2 — 4x? + 3x, 


. f(x) = 2x4 


Plot the functions f and F together over [ a,b]. 


Solve the equation F’(x) = 0. What can you see to be true about 
the graphs of f and F at points where F’(x) = 0? Is your obser- 
vation borne out by Part 1 of the Fundamental Theorem coupled 
with information provided by the first derivative? Explain your 
answer. 


. Over what intervals (approximately) is the function F increasing 


and decreasing? What is true about f over those intervals? 


. Calculate the derivative f’ and plot it together with F. What can 


you see to be true about the graph of F at points where f’(x) = 0? 
Is your observation borne out by Part 1 of the Fundamental Theo- 
rem? Explain your answer. 


[0, 4] 


3 
17x? +4 5) 


46x? — 43x + 12, 0. ;| 
f(x) = sin 2x cos ze [ 0, 277 | 


f() =xcos 7x, [0,27] 


In Exercises 89-92, let F(x) = J as f(@ dt for the specified a, u, and 
f. Use a CAS to perform the following steps and answer the questions 
posed. 


a. 
b. 


Find the domain of F. 


Calculate F’(x) and determine its zeros. For what points in its 
domain is F increasing? Decreasing? 


. Calculate F”(x) and determine its zero. Identify the local extrema 


and the points of inflection of F. 


. Using the information from parts (a)-(c), draw a rough hand- 


sketch of y = F(x) over its domain. Then graph F(x) on your 
CAS to support your sketch. 
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ll 


89.a=1, ud=xX, f= VI-X 
9. a=0, uxd=x, fax) = VI-2 
9.a=0, us =1-x, fx) =x -2x-3 
92,.a=0, ux) =1-—2%, f(x) =x* - 2x -3 


In Exercises 93 and 94, assume that f is continuous and u(x) is twice- 
differentiable. 
u(x) 


93. Calculate a f(@ dt and check your answer using a CAS. 


a 


2 u(x) 
94. Calculate 6 | f(t) dt and check your answer using a CAS. 
x a 


55 Indefinite Integrals and the Substitution Method 


The Fundamental Theorem of Calculus says that a definite integral of a continuous func- 
tion can be computed directly if we can find an antiderivative of the function. In Section 
4.8 we defined the indefinite integral of the function f with respect to x as the set of all 
antiderivatives of f, symbolized by 7 f(x) dx. Since any two antiderivatives of f differ by 
a constant, the indefinite integral [ notation means that for any antiderivative F of f, 


[ro dx = F(x) + C, 


where C is any arbitrary constant. The connection between antiderivatives and the definite 
integral stated in the Fundamental Theorem now explains this notation: 
b b 
/ fQ) dx = F(b) — Fa) = [F@) + C]? = | [sevar| 
When finding the indefinite integral of a function f, remember that it always includes an 
arbitrary constant C. 

We must distinguish carefully between definite and indefinite integrals. A definite 
integral [ ‘ f(x) dx is a number. An indefinite integral 7 f(x) dx is a function plus an arbi- 
trary constant C. 

So far, we have only been able to find antiderivatives of functions that are clearly rec- 


ognizable as derivatives. In this section we begin to develop more general techniques for 
finding antiderivatives of functions we can’t easily recognize as a derivative. 


Substitution: Running the Chain Rule Backwards 


If uw is a differentiable function of x and n is any number different from —1, the Chain Rule 
tells us that 


From another point of view, this same equation says that u’t!/(n + 1) is one of the anti- 
derivatives of the function w"(du/dx). Therefore, 


du _ yor 
peta-#itc (1) 
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The integral in Equation (1) is equal to the simpler integral 


yt! 
ic du= "77 tG 


which suggests that the simpler expression du can be substituted for (du/dx) dx when 
computing an integral. Leibniz, one of the founders of calculus, had the insight that indeed 
this substitution could be done, leading to the substitution method for computing integrals. 
As with differentials, when computing integrals we have 


EXAMPLE 1 Find the integral | (x3 + xpP(3x? + 1) dx. 


Solution We set u = x? + x. Then 


_~d&, _ 2.2 
du = rs dx = (3x- + 1) dx, 


so that by substitution we have 


fe + xpP(3x? + l)dx= Je du Lette =< + xde = Ge + 1) de 
ue 
= rs +C Integrate with respect to u. 
(x3 + x)® 
mS —_ +C Substitute x? + x for u. fe] 


EXAMPLE 2 Find [ve + 1 ae 


Solution The integral does not fit the formula 


ij u" du, 


with u = 2x + 1 andn = 1/2, because 
_ du 


dx 
is not precisely dx. The constant factor 2 is missing from the integral. However, we can 
introduce this factor after the integral sign if we compensate for it by a factor of 1/2 in 
front of the integral sign. So we write 


[ver ia=3/ VEE 2a 
u 


du Ix = 2 dx 


du 

—1fiuip 
= 2 u!* du Let u = 2x + 1,du = 2 dx. 

1 uw/? 4 
ae Deere Integrate with respect to u. 

2 3/2 g) P' Mu 

1 
= 3 (2x + 1)3/2 + C Substitute 2x + 1 for wu. | 


The substitutions in Examples | and 2 are instances of the following general rule. 
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THEOREM 6—The Substitution Rule If u = g(x) is a differentiable func- 
tion whose range is an interval J, and f is continuous on /, then 


[ feone’o dx = [so du. 


Proof By the Chain Rule, F(g(x)) is an antiderivative of f(g(x)) + g’(x) whenever F is 
an antiderivative of f: 


Flax) = F'(g(x))* g’(x) Chain Rule 
= f(g@)): 8’). a 


If we make the substitution u = g(x), then 


/ Flgo)g"() de = 7 4 F(g()) dx 


= F(g(x)) + C Theorem 8 in Chapter 4 

= Flu) + C u = g(x) 

= fr (u) du Theorem 8 in Chapter 4 

= [sed F'=f | 


The use of the variable u in the Substitution Rule is traditional (sometimes it is referred 
to as u-substitution), but any letter can be used, such as v, t, 8 and so forth. The rule pro- 
vides a method for evaluating an integral of the form [ f(g(x))g' (x) dx given that the condi- 
tions of Theorem 6 are satisfied. The primary challenge is deciding what expression involv- 
ing x you want to substitute for in the integrand. Our examples to follow give helpful ideas. 


The Substitution Method to evaluate /f(g(x))g'(x) dx 
1. Substitute w = g(x) and du = (du/dx) dx = g'(x) dx to obtain [ f@) du. 
2. Integrate with respect to u. 


3. Replace u by g(x). 


EXAMPLE 3 Find f|sec*(Sx + 1)*5dx 


Solution We substitute vu = 5x + 1 and du = 5 dx. Then, 


[sos + 1):5dx= [ve udu Let u = 5x + 1,du = 5dx. 
Z d , 
= tanut+C —tanu = sec*u 
du 
= tan(Sx + 1)+C. Substitute 5x + 1 for uw. | 


EXAMPLE 4 Find f cos (70 + 3) dé. 
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Solution We let u = 76 + 3 so that du = 7 d@. The constant factor 7 is missing from 
the d@ term in the integral. We can compensate for it by multiplying and dividing by 7, 


using the same procedure as in Example 2. Then, 


[cosa + 3)d0 = 5 | c0s 78 + 3)°7d0 


ei! 
= 5 f cos ud 


= tsinu + Cc 


= * sin (70 dea. 


Place factor 1/7 in front of integral. 


Let u = 76 + 3,du = 7d. 


Integrate. 


Substitute 78 + 3 for uw. 


There is another approach to this problem. With u = 70 + 3 and du = 7d0 as 
before, we solve for d6 to obtain dO = (1/7) du. Then the integral becomes 


[os (70 + 3) dé = [cs uF du Let u = 70 + 3, du = 7d6, and do = (1/7) du. 
ee ae 
= sinu + C Integrate. 


= * sin (70 + 3) +C. Substitute 70 + 3 for uw. 


We can verify this solution by differentiating and checking that we obtain the original 


function cos (70 + 3). 


EXAMPLE 5 Sometimes we observe that a power of x appears in the integrand that is 
one less than the power of x appearing in the argument of a function we want to integrate. 
This observation immediately suggests we try a substitution for the higher power of x. 


This situation occurs in the following integration. 


re dx - fee dx 


1 
HISTORICAL BIOGRAPHY See ar iG 
George David Birkhoff 
(1884-1944) = 5 2+e 


Let a = x?,du = 3x? dx, 
(1/3) du = x? dx. 


Integrate with respect to u. 


Replace u by x°. | 


It may happen that an extra factor of x appears in the integrand when we try a substi- 
tution u = g(x). In that case, it may be possible to solve the equation uv = g(x) for x in 
terms of u. Replacing the extra factor of x with that expression may then allow for an inte- 
gral we can evaluate. Here’s an example of this situation. 
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EXAMPLE 6 Evaluate f aV/2x + 1 dx. 


Solution Our previous integration in Example 2 suggests the substitution u = 2x + 1 


with du = 2 dx. Then, 


Vax + 1ldx = 5 Vudu. 


However, in this case the integrand contains an extra factor of x multiplying the term 
V2x + 1. To adjust for this, we solve the substitution equation uv = 2x + | to obtain 


x = (u — 1)/2, and find that 


xV2x + ldx = Su - 1+ Vudu. 


The integration now becomes 


pve ldx = i/ — 1)Vudu = if — 1u!/? du 
al (3/2 — w'/?) du 
4 
— 1/2 52 _ 2.37 
(2 3 +C 


= 1 D/2: a L 3/2 
19 2* + YD gx t I? +C. 


Substitute. 


Multiply terms. 


Integrate. 


Replace u by 2x + 1. Hl 


EXAMPLE 7 Sometimes we can use trigonometric identities to transform integrals 
we do not know how to evaluate into ones we can evaluate using the Substitution Rule. 

: 1 — cos 2x = 2 
(a) [ows dx = [ta sin? x = ogee 


= aK — cos 2x) dx 


_1 1 sin 2x —_ x — sin 2x 
a 5.9 8 oa 


(b) [oosra - f? + cos2x,, 4 sim2x 1 o seed ¢ = br eon ee 


2 2 4 


2 


sin x —du ; 
(c) / tanx du = / eG8 x ax = / 7 u = cos x, du = —sin x dx 


= —In|u| +C= —In|cos x| + C 


1 
n 
|cos x| 


= | 


+ C= In|sec x| eG Reciprocal Rule ial 
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EXAMPLE 8 An integrand may require some algebraic manipulation before the sub- 
stitution method can be applied. This example gives two integrals obtained by multiplying 
the integrand by an algebraic form equal to 1, leading to an appropriate substitution. 


dx e* dx 
a : = Multiply by (e*/e*) = 1. 
(a) lao gia ultiply by (e*/e*) 
= du Letu = 2.17 = e*, 
wt du = e* dx. 
=tan!u+C Integrate with respect to u. 
= tan (e) + C Replace u by e’. 


_ a sec x + tan. x secx + tanx , 
(b) [oocxas = [oe x)(1)dx = ic ee tan x 2 secx ft tan x i equal to 1. 


sec? x + sec x tan x 
= dx 
sec x + tan x 
= du u“ = tanx + sec x, 
u du = (sec? + sec x tan x)dx 
= In |u| + C = In |secx + tanx| + C. a 


The integrals of cot x and csc x are found in a way similar to those used for finding the 
integrals of tan x and sec x in Examples 7c and 8b (see Exercises 71 and 72). We summa- 
rize the results for these four basic trigonometric integrals here. 


Integrals of the tangent, cotangent, secant, and cosecant functions 


J wnxde = Insc» +C J seoxde = tnlsce x + tan +C 


[cova = In|sinx| + C [cera = —In|cse x + cotx| + C 


Trying Different Substitutions 


The success of the substitution method depends on finding a substitution that changes an 
integral we cannot evaluate directly into one that we can. Finding the right substitution 
gets easier with practice and experience. If the first substitution fails, try another substitu- 
tion, possibly coupled with other algebraic or trigonometric simplifications to the inte- 
grand. Several of these more complicated substitutions are studied in Chapter 8. 


2zdz 
EXAMPLE 9 Evaluate. [> 
\V72 
zt 
Solution We can use the substitution method of integration as an exploratory tool: 
Substitute for the most troublesome part of the integrand and see how things work out. 
For the integral here, we might try u = z* + 1 or we might even press our luck and take 
u to be the entire cube root. Here is what happens in each case, and both substitutions 
are successful. 
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Method 1: Substitute wu = z2 + 1. 


2zdz du Letu = 2+ 1, 
We Fae | y'/3 du = 2z dz. 

= pew du In the form fu du 
wp 

= 2/3 + C Integrate. 
3 9/3 

=> + 
zu C 


= 3(2 + yes C Replace u by 2 + 1. 


Method 2: Substitute 1 = Wz + 1 instead. 


2zdz 3u2 du Letu = V2 +1, 
W2 +1] 7 Uu w= 2 + 1, 3u du = 2zdz. 
= 3 fu du 
uw 
= 3: 7 + C Integrate. 


a 3(2 1 Ler a Replace u by (22 + 1)!/?. | 


Exercises 


Evaluating Indefinite Integrals u 9r? dr =i e 
Evaluate the indefinite integrals in Exercises 1-16 by using the given . Vi- Pp “ 


substitutions to reduce the integrals to standard form. 


12. | 1207 + 4y? + 170° + 2y) dy, u= yt + 44+ 1 
1. [220+ aan u=2x+4 ; os eens ue 
13. J visit eer —Ddxy, uvu=x?-1 
2: [we ldx, u=7x—-1 
14. [ bee(3) dx, u= = 
3; 2x(x2 + 5) 4dx, u=xr+5 x 
Ax3 15. [eso cot 20 dé 
4. 749% u=xtt+1 
@ ) a. Using u = cot 20 b. Using u = csc 20 
5 / Gr Dia? 4 aide, ge 2S ay ee i de 
V5x + 8 
(1 + Vx)¥3 a. Using u = 5x + 8 b. Using u = V5x + 8 
6. / dx, u=14 Vx 
Vx Evaluate the integrals in Exercises 17-66. 
7. [oo 3x dx, u = 3x 8. [oso (2x?) dx, u = 2x? 17. | — 25s ds 18. eet 
V5s + 4 


9. / sec 2¢ tan 2tdt, u = 2t 19. / OW 1 — 62 do 20. i 3yV7 — 3y? dy 


2 
BNP t 1 ; 
10. /( cos ) sin dt, u = 1— cos 21. leone 22. J Voin cos x a 
a 2 Vx(1 + Vx)? 
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23. [secre + 2) dx 24. ic x sec? x dx 
25. | sin’~ cos ~dx 26. | tan’ = eee = 
3 3 
27 r Pui) & 28. 7-5 e 
t 18 
29. pe 1/2 sin (3/2 + 1) dx 
30. [os (2 3 =) cot (2 5 =) dv 
in(2t + 1 
31. / au ) a 32. sec z tan z 
COs (2t + 1) VV sec Z 
33. [pe (t- 1) ar 34. [ype (Vt + 3) dt 
i Uy cos VO __ 
35. — sin > cos dé 36. do 
ie 0 6 Ve sin? V0 
37, ~ dx 38. / tax 
1l+x x 
1 1 1 /?-1 
39. —=,/2 = > ax 40. = d 
J x ie Nj ga 
oS 4 
a. | Ta 3 ax a f ix dx 
pei | 
43. [o- 1)! dx 44, [vee 
45. Jo + 1)°(1 — x) dx 46. Jo + 5)(x — 5)'3 dx 
47. [eve + ldx 48. pve + ldx 
x x 
49, ——{ d 50. ——~ a 
ie —4p ie = 1a 
51. [recs x) a dy 52. / (sin 20) est”? dg 
1 - 
53. / sec2(eV* + 1) dx 
VxeV* 
54, {a e!/* sec (1 + e!*) tan (1 + e!/*) dx 
2 
dx In Vt 
55. iE lag 56. 7 dt 
dz dx 
57. a 58. ——— 
[re [aS 
59. / 2 dr 60. : do 
9 +47 eo | 
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—1 


61 esin x en * dx 62 eos” x dx 
. V1 — x? . V1 — x? 

6a: (sin! x)? dx 64. Vian |x dx 
1- x? t+ x2 


és / = 66 / a 
“(tan y(1 + y?) , (sin! y)V1 — y? 


If you do not know what substitution to make, try reducing the inte- 
gral step by step, using a trial substitution to simplify the integral a bit 
and then another to simplify it some more. You will see what we 
mean if you try the sequences of substitutions in Exercises 67 and 68. 


2 2 

67. le tan-.x sec x de 
(2 + tan?x)? 

a. u 


tan x, followed by v = wu’, then by w = 2 + v 
b. u = tan>x, followed by v = 2 + u 


c. u= 2+ tan>x 
68. [vi + sin?(x — 1) sin (x — 1) cos (x — 1) dx 
a. u = x — 1, followed by v = sin u, then by w = 1 + v? 
b. uw = sin (x — 1), followed by v = 1 + w 
ec u= 1+ sin?(x — 1) 


Evaluate the integrals in Exercises 69 and 70. 


(2r — 1) cos V3(2r — 1)? + 6 


69. dr 
V3(2r — 1) + 6 
gp, | SE 
Vécos? VO 


71. Find the integral of cot x using a substitution like that in Example 7c. 
72. Find the integral of csc x by multiplying by an appropriate form 
equal to 1, as in Example 8b. 


Initial Value Problems 
Solve the initial value problems in Exercises 73-78. 


ds 2_ 43 _ 
73, & = 121? - ) s(1) =3 
d 
74, > = = 4x(2 + 88, yO) =0 


ds_ 9.5 ae (0) = 
75. “a 8 sin (+4), s(O) = 


dr _ afm _ (0) = = 
76. a6 3008 (3 0), r(0) 8 


d’s _ 3 T ' = = 
71. a = —4sin (2% =), s'(0) = 100, s(0) = 0 
d’y 
78. ae = Asec? 2xtan2x, y'(0)=4, yO) = —- 


79. The velocity of a particle moving back and forth on a line is 
v = ds/dt = 6 sin 2t m/sec for all ¢. If s = 0 when t = 0, find 
the value of s when t = 7/2 sec. 

80. The acceleration of a particle moving back and forth on a line is 
a= d’s/dt? = 7m cos wt m/sec? for all ¢. If s = 0 and v= 
8 m/sec when t = 0, find s when t = I sec. 
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5.6 Definite Integral Substitutions and the Area Between Curves 


There are two methods for evaluating a definite integral by substitution. One method is to 
find an antiderivative using substitution and then to evaluate the definite integral by apply- 
ing the Evaluation Theorem. The other method extends the process of substitution directly 
to definite integrals by changing the limits of integration. We apply the new formula intro- 
duced here to the problem of computing the area between two curves. 


The Substitution Formula 


The following formula shows how the limits of integration change when the variable of 
integration is changed by substitution. 


THEOREM 7—Substitution in Definite Integrals If g’ is continuous on the 
interval [a, b] and f is continuous on the range of g(x) = u, then 
g(b) 


b 
/ f(g(x)) + g' (x) dx = f(u) du. 


g(a) 


Proof Let F denote any antiderivative of f. Then, 


: = £ Fg) 
/ f(g@))* a’) dx = egw) | = F'(g(x))g"(x) 
7 xa = f(g(x))g'(x) 
= F(g(b)) — F(g(a)) 
u=g(b) 
= Flu) 
u=g(a) 
g(b) Fund tal 
_ ‘undamenta! 
7 g(a) lis Theorem, Part 2 — 


To use the formula, make the same u-substitution u = g(x) and du = g'(x) dx you 
would use to evaluate the corresponding indefinite integral. Then integrate the transformed 
integral with respect to u from the value g(a) (the value of u at x = a) to the value g(b) 
(the value of u at x = b). 


I 
EXAMPLE 1 Evaluate / 3x2Vx8 + 1 dx. 
-1 


Solution We have two choices. 


Method 1: Transform the integral and evaluate the transformed integral with the trans- 
formed limits given in Theorem 7. 


Letuy =x? + 1, du = 3x? dx. 


1 
/ 3x23 + 1 dx When x lu =(-1%+1=0. 
—l 


When x = 1,4 = (1)? +1=2 


2 
a gu 7 Evaluate the new definite integral. 
0 


= £[ 232 = 09/2] _ <[av2] _ 2 
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Method 2: Transform the integral as an indefinite integral, integrate, change back to x, 
and use the original x-limits. 


Joeve + ldx= [ve Let u = x3 + 1, du = 3x? dx. 


2 
= que! 2+C Integrate with respect to u. 


= 2x3 + 1)3/2+C Replace u by x? + 1. 


1 
/ 92Ve +1 = 2 63 de 1 a Use the integral just found, with 


1 
=! 


i 3 limits of integration for x. 
= [ay +p? - Cy + 17] 
2 2) 2 4V/2 
S(O So vel 7 


Which method is better—evaluating the transformed definite integral with trans- 
formed limits using Theorem 7, or transforming the integral, integrating, and transforming 
back to use the original limits of integration? In Example 1, the first method seems easier, 
but that is not always the case. Generally, it is best to know both methods and to use 
whichever one seems better at the time. 


EXAMPLE 2 We use the method of transforming the limits of integration. 


a/2 0 Let u = cot 6, du = —csc? 6d, 
(a) / cot 6 csc?@ dd = - us (—du) —du = csc? 6 dd. 
7/4 1 When 6 = 7/4, u = cot(7/4) = 1. 


When 6 = 7/2, u = cot(a/2) = 0. 


| 
| 
a | 
N|-e 
———— 
—_ o 


2 2 2 
7/4 aA, 
sin x 
(b) / tan x dx = / cos x AX 
—1/4 1/4 
V2/2 Let u = cos x, du = —sin x dx. 
oo du When x = —2/4,u = V2/2. 
V2/2 u When x = 77/4, u = V2/2. 
V2/2 
=-In |u| =0 Integrate, zero width interval |_| 
V2/2 


Definite Integrals of Symmetric Functions 


The Substitution Formula in Theorem 7 simplifies the calculation of definite integrals of 
even and odd functions (Section 1.1) over a symmetric interval [—a, a] (Figure 5.23). 


>x 
—a 0 a 

(a) 
y 
A 

0 ; 

> Xx 

=a a 

(b) 


FIGURE 5.23 (a) For f an even func- 
tion, the integral from —a to a is twice the 
integral from 0 to a. (b) For f an odd func- 
tion, the integral from —a to a equals 0. 


Upper curve 


y =f) 


Lower curve 
y = gx) 


FIGURE 5.24 The region between 
the curves y = f(x) and y = g(x) 


and the lines x = a and x = b. 
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THEOREM 8 Let f be continuous on the symmetric interval [—a, a]. 


(a) If f is even, then f f(x)dx = 2f f(x) dx. 
—a 0 


(b) If f is odd, then f f(x)dx = 0. 


Proof of Part (a) 


a 0 A 
7 f(x)dx = / f(x) dx + / f(x) dx Additivity Rule for 
= ae j 


Definite Integrals 


a 3 a 
== | f(x)dx + / f(x) dx Order of Integration Rule 
0 0 


e a Let u = —x, du = —dx. 
= -j fCu)ydu) + / f(x) dx When x = 0, u = 0. 
0 0 


When x = —a,u = a. 
i f(cu)du + / f@) dx 
0 0 


_ ‘ ‘ f is even, so 
= du + d: 
| ae | ae fw) = flu). 
=2 7. f(x)dx 
0 
The proof of part (b) is entirely similar and you are asked to give it in Exercise 114. a 


The assertions of Theorem 8 remain true when f is an integrable function (rather than 
having the stronger property of being continuous). 


2 


EXAMPLE 3 Braluate [ (x4 — 4x? + 6) dx. 


2 


Solution Since f(x) = x* — 4x? + 6 satisfies f(—x) = f(x), it is even on the symmet- 
ric interval [—2, 2], so 


2 2 
‘ (x4 — 4x? + 6)dx = 2f (x* — 4x? + 6)dx 
- 0 


2 


5 3 
54 a2 Be _ 232 
= 2(% 3 12) 15° | 


Areas Between Curves 


Suppose we want to find the area of a region that is bounded above by the curve y = f(x), 
below by the curve y = g(x), and on the left and right by the lines x = a and x = b (Fig- 
ure 5.24). The region might accidentally have a shape whose area we could find with 
geometry, but if f and g are arbitrary continuous functions, we usually have to find the 
area with an integral. 
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>< 


FIGURE 5.25 We approximate 
the region with rectangles perpen- 
dicular to the x-axis. 


>< 


(cys A(cy)) 


Sle) ~ lex) 


jsp (Ces B(CK)) 


FIGURE 5.26 The area AA, of the 
kth rectangle is the product of its height, 
f(cd — g(c,), and its width, Ax. 


FIGURE 5.27 The region in Example 4 
with a typical approximating rectangle. 


To see what the integral should be, we first approximate the region with n vertical 
rectangles based on a partition P = {xo,%1,...,%,} of [a,b] (Figure 5.25). The area of 
the kth rectangle (Figure 5.26) is 


AA, = height X width = [ f(c,) — g(c,)] Ax. 


We then approximate the area of the region by adding the areas of the n rectangles: 


n 


A = > AAk = Sf) — gc] Ax. Riemann sum 


k=1 k=1 


As ||P|| — 0, the sums on the right approach the limit hs [ f(x) — g(x) ] dx because f 
and g are continuous. We take the area of the region to be the value of this integral. That is, 


n 


A= lim 
\|P||>0 > 


k=1 


b 
[Flc) — g(cy)] Ax = / [ f(x) — g@)] dx. 


DEFINITION If f and g are continuous with f(x) = g(x) throughout [a,b], 
then the area of the region between the curves y = f(x) and y = g(x) from 
a to b is the integral of (f — g) froma to b: 


b 
A= [L909 ~ soo] ax 


When applying this definition it is helpful to graph the curves. The graph reveals which curve 
is the upper curve f and which is the lower curve g. It also helps you find the limits of integra- 
tion if they are not given. You may need to find where the curves intersect to determine the 
limits of integration, and this may involve solving the equation f(x) = g(x) for values of x. 
Then you can integrate the function f — g for the area between the intersections. 


EXAMPLE 4 Find the area of the region bounded above by the curve y = 2e* + x, 
below by the curve y = e*/2, on the left by x = 0, and on the right by x = 1. 


Solution Figure 5.27 displays the graphs of the curves and the region whose area we 
want to find. The area between the curves over the interval 0 = x = 1 is given by 


=3- 675 ~ 0.9051. i 


EXAMPLE 5 Find the area of the region enclosed by the parabola y = 2 — x” and 
the line y = —x. 


Solution First we sketch the two curves (Figure 5.28). The limits of integration are found 


by solving y = 2 — x? and y = —x simultaneously for x. 
2-x=-x Equate f(x) and g(x). 
vr—-x-2=0 Rewrite. 
(x + l)\x — 2) = 0 Factor. 
x=-l, x= 2, Solve. 


The region runs from x = —1 to x = 2. The limits of integration are a = —1, b = 2. 


FIGURE 5.28 = The region in 
Example 5 with a typical approxi- 


mating rectangle. 


(x, f(x) 
Hie: oS 


7 oe 
(x, g@)) 


FIGURE 5.29 When the formula for a 

bounding curve changes, the area integral 
changes to become the sum of integrals to 
match, one integral for each of the shaded 
regions shown here for Example 6. 
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The area between the curves is 


b 2 
a= | (Fe) ~ aon] ac = f [2 - 2) - Cx] de 


1 


: 33 /? 
= — x2 = Sg OO 
ee x°) dx fox + 5) | 


7 4 8 1,1\_9 
(4+4 s) (-2+4+4)-2 B 


If the formula for a bounding curve changes at one or more points, we subdivide the 
region into subregions that correspond to the formula changes and apply the formula for 
the area between curves to each subregion. 


EXAMPLE 6 Find the area of the region in the first quadrant that is bounded above 
by y= Vx and below by the x-axis and the line y = x — 2. 


Solution The sketch (Figure 5.29) shows that the region’s upper boundary is the graph of 
f(x) = Vx. The lower boundary changes from g(x) = 0 forO = x = 2 to gx) =x - 2 
for 2 = x = 4 (both formulas agree at x = 2). We subdivide the region at x = 2 into sub- 
regions A and B, shown in Figure 5.29. 

The limits of integration for region A are a = 0 and b = 2. The left-hand limit for 
region B is a = 2. To find the right-hand limit, we solve the equations y = Vx and 
y = x — 2 simultaneously for x: 


Vx =x-2 Equate f(x) and g(x). 
x=(x-2P =x? -4r +4 Square both sides. 
v?-5x+4=0 Rewrite. 
(x — lx - 4) =0 Factor. 
x=1, x = 4. Solve. 


Only the value x = 4 satisfies the equation Vx = x — 2. The value x = 1 is an extrane- 
ous root introduced by squaring. The right-hand limit is b = 4. 


ForO<x<2: f(x) — g(x) = Vx -—0 = Vx 
For2<=x=4: fx) —e@) = Vx—-(-2)= Vx-x4+2 


We add the areas of subregions A and B to find the total area: 


2 4 
Total area = ff Vad + ff (Va ~x+ 2) ax 
0 2 


area of A area of B 


7 2 3p| 4 24 #4 5,|" 
ge ls 2 : 


_ $(2)9” O+ (Fea 8 + :) = (Fe? =. s) 


= oy oe 
= 708) -2=5. a 
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FIGURE 5.30 It takes two integra- 
tions to find the area of this region if 


we integrate with respect to x. It takes 
only one if we integrate with respect to 
y (Example 7). 


Integration with Respect to y 


If a region’s bounding curves are described by functions of y, the approximating rectan- 
gles are horizontal instead of vertical and the basic formula has y in place of x. 
For regions like these: 


>< 
>< 


x= f(y) 


* 


> X 


use the formula 


d 
A -| [f0) — g0) ]dy. 


In this equation f always denotes the right-hand curve and g the left-hand curve, so 
f(y) — g(y) is nonnegative. 


EXAMPLE 7 Find the area of the region in Example 6 by integrating with respect to y. 


Solution We first sketch the region and a typical horizontal rectangle based on a parti- 
tion of an interval of y-values (Figure 5.30). The region’s right-hand boundary is the line 
x = y + 2,80 f(y) = y + 2. The left-hand boundary is the curve x = y’, so g(y) = y’. 
The lower limit of integration is y = 0. We find the upper limit by solving x = y + 2 and 
x = y’ simultaneously for y: 
yt2= y? Equate f(y) = y + 2 and g(y) = y’. 
y? —-y-2=0 Rewrite. 

(y+ Diy - 2) = 0 Factor. 

y=-1, y=2 Solve. 
The upper limit of integration is b = 2. (The value y = —1 gives a point of intersection 


below the x-axis.) 
The area of the region is 


d 2 
a= [F0) - onlay = f [y+ 2—y*]dy 
c 0 


2 
- [ 2tr-vlg 
0 


2: 312 

- yy 
=|» 43-3], 
4 8 10 
ees a a 


This is the result of Example 6, found with less work. a 
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Although it was easier to find the area in Example 6 by integrating with respect to y 
rather than x (just as we did in Example 7), there is an easier way yet. Looking at Figure 
5.31, we see that the area we want is the area between the curve y = Vx and the x-axis 
for 0 = x = 4, minus the area of an isosceles triangle of base and height equal to 2. So by 
combining calculus with some geometry, we find 


4 
Area = / Vx dx — 5 (2)(2) 
0 


FIGURE 5.31 The area of the blue > 4 
region is the area under the parabola = 3 | =2 
y= Vx minus the area of the 0 
triangle. 2 _ 10 
=a (8) —-O0-2 3° 
Exercises 5.6 
Evaluating Definite Integrals on COS z id __cosz 
Use the Substitution Formula in Theorem 7 to evaluate the integrals in 13. a. ‘ GaGa” Vitae 
Exercises 1-46. 
4 6 0 ; a/2 t : 
: L L & ont 
la. i Vy + ldy b. / Vy + ldy 14, a. [0 + tan ;) sec? sat b. Ft + tan ‘) sec’ 5 dt 
: ; , dy 
1 1 ; 
15. VP + 2r(5t4 + 2) dt 16. i Ss See 
2: af rVi= Par b. f rvi= Par | ( ) ‘ 2Vy(1+ Vy) 
0 -1 


tan x sec*x dx 
1/4 


7/6 30/2 0 0 
u/s 0 17. i cos? 26 sin 26 dO 18. / cot® (2) sec? (2) do 
3. a. | tan x sec*x dx b. / 2 0 7 
0 _ 


7 1/4 
19. i 5(5 — 4cosf)'/4 sintdt 20. / (1 — sin 21)°/2 cos 2t dt 
0 0 


7 3ar 
4. a. | 3 cos? x sin x dx b. | 3 cos?x sin x dx 
: - 21. i (4y — y? + 4y3 + 123 (12y? — 2y + 4) dy 
1 1 0 
5. a. | B(1 + 4) dt b. / P(1 + )3 dt 1 
0 4 a5. | (3 + 6y2 — 12y + 92 (y? + 4y — 4) dy 
0 
V7 0 
6. a. / (2 + 1)'3 dt b. / P+ 1) dt Vin “1p 1 
0 WF 23. i V0 cos? (63/2) do 24. i tf? sin? | 1 + 7) at 
0 -1 
; i a ‘ i Sry m4 m/2 
. a ———.—dr Fi ——_dr tan 8) cap? cot OY) agn2 
(44 PrP) > 44+ Pr) 25. ‘: (1 + e"") sec*6 dé 26. I (1 + &")csc?6 dé 
1 4 
10Vv 10Vv eo. 7/3 
8. a. | du b. F du sin ¢ 4 sin 0 
@ +e 1 + 3/2 ts i 2 coor” oh: ‘i T—4cos9” 
3 V3 
4x 4x 2 4 
9. a. | ———— dx b. | ————- dx 2Inx dx 
0 Vet awaVe +1 29. | Ok 30. a 
3 4 16 
10. a. | —_* dy b. / dy dx 
0 V x4 + 9 -1 V x4 + 9 31. 5 x(In x)? 32. - ae 
: ? a/2 w/2 
11. a. piveria b. Jr 4+ Stdt 33 [nd as 34, [. p re 
0 1 . 2 
0 
7/6 7/3 ai a/I2 
12, ‘a. i (1 — cos 3f) sin 3tdt Db. I, (1 — cos 34) sin 3t dt 35. y) tan? @-cos 6 da 36. . Bish Sees 
0 0 
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m/2 a/4 2 
37. / 2 cos e ae 38. | csc~x dx : 
_pjo1 + (sin 0)- 1 + (cot x)* 
1/2 7/6 
Inv3 em/+ 
39. | a 40. | Adi 
0 1+e 1 t+ ind 
41 4 ds ry) mar ds 
“Jy V4— 2 "Jy | (V9 = 43? 
46 [ sec?(sec™! x) dx ea a cos (sec! x) dx 
Ie xV 1 "Jaya x2 = 1 
45 : oe Pa ie 
"Jy yV4y? 4 “Jo V5y +1 
Area 
Find the total areas of the shaded regions in Exercises 47-62. 
47. y 48. y 


y = (1 — cosx) sinx 


NOT TO SCALE 


55. y 
x = 12y? — 12y3 


>X 


Find the areas of the regions enclosed by the lines and curves in 
Exercises 63-72. 


63. y=x*-2 and y=2 64. y= 2x — x? and y=-3 
65. y=x* and y= 8x 66. y=x°—2x and y=x 


67. 
68. 
69. 
70. 
71. 


72. 
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y=x? and y=~—x? + 4x 
y=7- 2x? and y=x4+4 
y=x4-4°+4+4 and y=x 


y=xVa — x, a>0O, and y=0 
y= WAR and 5y = x + 6 (How many intersection points 
are there?) 


y= |e?-—4| and y= (7/2)4+4 


Find the areas of the regions enclosed by the lines and curves in 
Exercises 73-80. 


73. 
74. 
75. 
76. 
77. 
78. 
79. 
80. 


x= 2y?, x=0, and y=3 
x =y? and 


y>—-4x=4 and 4x-y=16 


x=yt+2 


x-ye= and x + 2y? = 
x+y?=0 and x+ 3y?= 
x-y3=0 and xt+yt= 


x=y—-1 and x=|yl/VI-y 


x=yi—y and x =2y 


Find the areas of the regions enclosed by the curves in Exercises 81-84. 


81. 40° + y=4 and xt-y=1 

82. x7-y=0 and 3x°7>-y=4 

83. x+4=4 and x+y'=1, for x=0 

84. x+y?=3 and 4x+y?=0 

Find the areas of the regions enclosed by the lines and curves in Exer- 
cises 85-92. 

85. y= 2sinx and y=sin2x, 0OSx=7 

86. y= 8cosx and y=sec?x, —7/3 SxS 7/3 
87. y = cos(wx/2) and y=1-— x 

88. y = sin(ax/2) and y=x 

89. y = sec*x, y=tan?x, x=—7/4, and x= 7/4 
90. x =tan’?y and x=-tan’y, -7/4< ys 7/4 
91. x =3sinyVcosy and x=0, OS y< 7/2 
92. y = sec*(7x/3) and y=x3, -l<x<1 


Area Between Curves 


93. 


94. 


95. 


96. 


97. 


98. 


99. 


Find the area of the propeller-shaped region enclosed by the 
curve x — y> = O and the line x — y = 0. 


Find the area of the propeller-shaped region enclosed by the 
curves x — y!/? = Oand x — y> = 0. 

Find the area of the region in the first quadrant bounded by the 
line y = x, the line x = 2, the curve y = 1 /x?, and the x-axis. 
Find the area of the “triangular” region in the first quadrant 
bounded on the left by the y-axis and on the right by the curves 
y = sinx and y = cos x. 

Find the area between the curves y = Inx and y = In 2x from 
x=l1tox=5. 

Find the area between the curve y = tan x and the x-axis from 
x=—7/4 tox = 7/3. 

Find the area of the “triangular” region in the first quadrant that is 
bounded above by the curve y = e”*, below by the curve y = e’, 
and on the right by the line x = In 3. 


100. 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 
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Find the area of the “triangular” region in the first quadrant that 
is bounded above by the curve y = e’/?, below by the curve 
y = e*/?, and on the right by the line x = 2 In2. 


Find the area of the region between the curve y = 2x/(1 + x’) 
and the interval —-2 = x = 2 of the x-axis. 


Find the area of the region between the curve y = 2!~* and the 
interval —1 = x = 1 of the x-axis. 


The region bounded below by the parabola y = x and above by 
the line y = 4 is to be partitioned into two subsections of equal 
area by cutting across it with the horizontal line y = c. 


a. Sketch the region and draw a line y = c across it that looks 
about right. In terms of c, what are the coordinates of the 
points where the line and parabola intersect? Add them to 
your figure. 


b. Find c by integrating with respect to y. (This puts c in the 
limits of integration.) 


c. Find c by integrating with respect to x. (This puts c into the 
integrand as well.) 


Find the area of the region between the curve y = 3 — x? and 
the line y = —1 by integrating with respect to a. x, b. y. 
Find the area of the region in the first quadrant bounded on the 


left by the y-axis, below by the line y = x/4, above left by the 
curve y= 1+ Vx, and above right by the curve y = 2/ Vx. 


Find the area of the region in the first quadrant bounded on the 
left by the y-axis, below by the curve x = 2Vy, above left by 
the curve x = (y — 1), and above right by the line x = 3 — y. 


The figure here shows triangle AOC inscribed in the region cut 
from the parabola y = x* by the line y = a’. Find the limit of 
the ratio of the area of the triangle to the area of the parabolic 
region as a approaches zero. 


Suppose the area of the region between the graph of a positive 
continuous function f and the x-axis from x = a to x = D is 
4 square units. Find the area between the curves y = f(x) and 
y = 2f(x) from x = atox = b. 
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109. Which of the following integrals, if either, calculates the area of 
the shaded region shown here? Give reasons for your answer. 


1 I 
a. i (x — (—x)) dx = / 2x dx 
-1 -1 
1 1 
b. y (—x — (x)) dx = / 2x dx 
-1 -1 


110. True, sometimes true, or never true? The area of the region 
between the graphs of the continuous functions y = f(x) and 
y = g(x) and the vertical lines x = a and x = b(a < b) is 


b 
i Comrie 


a 


Give reasons for your answer. 


Theory and Examples 
111. Suppose that F(x) is an antiderivative of f(x) = (sin x)/x, 


x > 0. Express 
3 ind 
sin 2x 
[a 


112. Show that if f is continuous, then 


1 1 
; f(x~) dx = | fd — x) dx. 
0 0 


1 
| f(x) dx = 3. 
0 
0 
/ f(x) dx 
-1 


ifa. f isodd, b. f is even. 
114. a. Show that if f is odd on [—a, a], then 


/ f(x) dx = 0. 


b. Test the result in part (a) with f(x) = sinx and a = 77/2. 


in terms of F. 


113. Suppose that 


Find 


115. If f is a continuous function, find the value of the integral 
“— fQ) de 
~ |, f@) + fla—x» 


by making the substitution vu = a — x and adding the resulting 
integral to J. 


I 


116. By using a substitution, prove that for all positive numbers x and y, 


xy y 
Mf . FI 
| pat _ | ot. 


The Shift Property for Definite Integrals A basic property of defi- 
nite integrals is their invariance under translation, as expressed by the 
equation 


b b-c 


f(x) dx = flx + c) dx. (1) 


a a—c 


The equation holds whenever f is integrable and defined for the neces- 
sary values of x. For example in the accompanying figure, show that 


-1 1 
) (x + 2P dx = | x dx 
~2 0 


because the areas of the shaded regions are congruent. 


117. Use a substitution to verify Equation (1). 


118. For each of the following functions, graph f(x) over [a,b] and 
f(x + c) over [a — c,b — c] to convince yourself that Equation 
(1) is reasonable. 


a. f(x) =, a=0, b=1, c=1 
b. f(x) =sinx, a=0, b=a, c=7/2 
« f(x) = Vx-4, a=4, b=8, c=5 


COMPUTER EXPLORATIONS 
In Exercises 119-122, you will find the area between curves in the 
plane when you cannot find their points of intersection using simple 
algebra. Use a CAS to perform the following steps: 
a. Plot the curves together to see what they look like and how 
many points of intersection they have. 
b. Use the numerical equation solver in your CAS to find all the 
points of intersection. 


c. Integrate | fx) = 9(x)| over consecutive pairs of intersection 
values. 


d. Sum together the integrals found in part (c). 


oe oe re _ 
119. f(x) 3 5) 2x + 3° gx) =x-1 
x4 
120. f(x) = an 3x3 + 10, g9(x) = 8 — 12x 


121. f(x) = x + sin (2x), 
122. f(x) = x’ cos x, 


gx) =x 


g@) = x2 - x 
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Chapter 5 Practice Exercises 


Chapter 5 Questions to Guide Your Review 


1, 


Chapter 5 


How can you sometimes estimate quantities like distance traveled, 
area, and average value with finite sums? Why might you want to 
do so? 


. What is sigma notation? What advantage does it offer? Give 


examples. 


. What is a Riemann sum? Why might you want to consider such a 


sum? 


. What is the norm of a partition of a closed interval? 
. What is the definite integral of a function f over a closed interval 


[ a, b]? When can you be sure it exists? 


. What is the relation between definite integrals and area? Describe 


some other interpretations of definite integrals. 


. What is the average value of an integrable function over a closed 


interval? Must the function assume its average value? Explain. 


. Describe the rules for working with definite integrals (Table 5.6). 


Give examples. 


Practice Exercises 


Finite Sums and Estimates 


1. 


The accompanying figure shows the graph of the velocity (ft/sec) 
of a model rocket for the first 8 sec after launch. The rocket accel- 
erated straight up for the first 2 sec and then coasted to reach its 
maximum height at t = 8 sec. 


200 


150 


100 


Velocity (ft/sec) 


50 


Time after launch (sec) 


a. Assuming that the rocket was launched from ground level, 
about how high did it go? (This is the rocket in Section 3.3, 
Exercise 17, but you do not need to do Exercise 17 to do the 
exercise here.) 


b. Sketch a graph of the rocket’s height above ground as a func- 
tion of time for 0 = ¢ = 8. 


a. The accompanying figure shows the velocity (m/sec) of a 
body moving along the s-axis during the time interval from 
t = 0 tot = 10sec. About how far did the body travel dur- 
ing those 10 sec? 


b. Sketch a graph of s as a function of t for 0 = t = 10, assum- 
ing s(0) = 0. 


9. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


3. 


4. 


What is the Fundamental Theorem of Calculus? Why is it so 
important? Illustrate each part of the theorem with an example. 
What is the Net Change Theorem? What does it say about the 
integral of velocity? The integral of marginal cost? 

Discuss how the processes of integration and differentiation can 
be considered as “inverses” of each other. 

How does the Fundamental Theorem provide a solution to 
the initial value problem dy/dx = f(x), y(x%p) = yo, when f is 
continuous? 

How is integration by substitution related to the Chain Rule? 
How can you sometimes evaluate indefinite integrals by substitu- 
tion? Give examples. 

How does the method of substitution work for definite integrals? 
Give examples. 

How do you define and calculate the area of the region between 
the graphs of two continuous functions? Give an example. 


Velocity (m/sec) 


4 6 
Time (sec) 


10 


10 10 
Suppose that da = —2 and Yh = 25. Find the value of 
k= k= 


k 

a a4 b. 2b — 3.a,) 
10 10/5 

c Dy (a + b, — 1) d 3G ns) 


20 
Db = 7. Find the values of 


20 
Suppose that Sa = 0 and 
k= 1 


20 20 


b. Sila + by) 


k=1 k=1 
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Definite Integrals 

In Exercises 5—8, express each limit as a definite integral. Then evalu- 
ate the integral to find the value of the limit. In each case, P is a parti- 
tion of the given interval and the numbers c; are chosen from the sub- 
intervals of P. 


5, lim | > 2g, — IV? Ax,, where P is a partition of [ 1, 5] 
Plo 


6. lim | Sale? — 13 Ax, where P is a partition of [1,3] 
Plo 


7. tim > )) Axg, where Pi ition of [—7, 0 
» lim >> cos| 5 x, where P is a partition of [—7, 0] 


8. iim >d (sin c)(cos c,) Ax,, where P is a partition of [0, 7/2] 
0 


9. If f° 3f() dx = 12, [°, f(x) dx = 6, and f°, g(x) dx = 2, find 
the values of the following. 


2 5 
a. i f(x) dx b. [1 dx 
-2 2 
-2 5 
c. j g(x) dx d. / (—77g(x)) dx 
5 2 
5 
s / (2 + i) 2s 
Por. 


10. If fo f(x) dx = 7, [-7g(x) dx = 7, and fy (x) dx = 2, find 
the values of the following. 


2 2 
a. i g(x) dx b. F g(x) dx 
0 1 


0 vy 
c. / f(x) dx d. | V2 f(x) dx 
2: 0 


2 
e. [ew — 3f(x)) dx 
0 


Area 
In Exercises 11-14, find the total area of the region between the graph 
of f and the x-axis. 


ll. f) =x? - 44 +3, OSx 53 

12. fx) = 1-0°/4, -2<x=3 

13. f(x) = 5-53, -l=x=8 

14. f@ =1- Vx, Osxs4 

Find the areas of the regions enclosed by the curves and lines in Exer- 
cises 15-26. 
15. y=x, 
16.9=% y= 1/Vey xe 

17. Vx+ Vy =1, x=0, y=0 


< 
ll 
= 
= 
# 
% Ne 
* 
ll 
i) 


18. 


19. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


e+ Vy =1, x=0, y=0, fo 0OSx<1 
; 


1 ePt+Vy=1,05x51 


>X 


0 1 


x=2y, x=0, y=3 20.x=4-y, x=0 
y= 4x, y=4x-2 

y=4x+4, y=4x- 16 

y=sinx, y=x, OSxs7/4 

, y=Hl, -a7/25 x8 7/2 


y = |sinx 
y=2sinx, y=sin2x, 0Sx=a7 


y = 8cosx, y=sec*x, —7/3 SxS 7/3 


Find the area of the “triangular” region bounded on the left by 
x + y = 2, on the right by y = x’, and above by y = 2. 


Find the area of the “triangular” region bounded on the left by 
y= Vx, on the right by y = 6 — x, and below by y = 1. 


Find the extreme values of f(x) = x° — 3x? and find the area of 
the region enclosed by the graph of f and the x-axis. 


Find the area of the region cut from the first quadrant by the curve 
xl? $ yl? = qli2, 

Find the total area of the region enclosed by the curve x = y?/> and 
the lines x = y and y = —l. 


Find the total area of the region between the curves y = sin x and 
y = cos x for0 = x S 37/2. 


Area Find the area between the curve y = 2(Inx)/x and the 
x-axis from x = | tox = e. 


a. Show that the area between the curve y = 1/x and the x-axis 
from x = 10 to x = 20 is the same as the area between the 
curve and the x-axis from x = | to x = 2. 

b. Show that the area between the curve y = 1/x and the x-axis 


from ka to kb is the same as the area between the curve and the 
x-axis from x = atox =b(0O<a<b,k> 0). 


Initial Value Problems 


35. 


36. 


37. 


x 
Show that y = x? + iy cat solves the initial value problem 
1 


“*=2-4; y@=3, Deal 
x 


Show that y = fecal + 2V sec t) dt solves the initial value 
problem 


a secxtanx; y’(0) = 3, y(0) = 0. 


Express the solutions of the initial value problems in Exercises 37 
and 38 in terms of integrals. 


dy — sinx 
zo UR? WO) -3 


a 
38. - = V2—sin'x, yW-1)=2 


Solve the initial value problems in Exercises 39-42. 


dy 1 
39. = —=> y(0) = 0 
dy 1 
ea y(0) = 1 
a : Ss fe 90 
oa. DSSS x 3 y = ar 
ax yf] 
dy 1 2 
42, — = , yO) =2 
he Tee == y(0) 


Evaluating Indefinite Integrals 
Evaluate the integrals in Exercises 43-72. 


43. [260 x) !/? sin x dx 44, Joo x)? sec?.x dx 


45. Jo + 1+ 2cos (20 + 1))d0 


46. Ieee + 2 sec? (20 a ) dé 
2 
47. iC = 2)( ate 2) dt 48. [ore 


49. | Vt sin (20/7) dt 50. / (sec Otan 0) V1 + sec 6 dO 
51. Je sec2(e* — 7) dx 
52. [erste + 1) cot (e” + 1) dy 


53. J (sen) el * dx 54, J losers e* dx 


1 e 
55. / . 56. ; eer 
_,3x — 4 i 
4 
tan (1 
57. | at 58. / a 
9 & — 25 
1 A=3 
59. = dx 60. Jieca + Inv) dr 
61. [= dx 62. [oer as 
63. 3dr 64. i 
V1 = 4 — 1 V4 —(r + IP 
65. lax? = 66. lee tear 
2+ (x — 1? 1+ Gx + 1P 


67. / at 
Oe = TVOn— 1% =4 


68 / dx 
(x + 3)V(x + 3)? — 25 


69 / esi VE dy 0 / Vsin | x dx 
wx — 2 , V1 — x? 
“i. / dy a" a 
Vtan-!y (1 + y?) Doe x 
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Evaluating Definite Integrals 
Evaluate the integrals in Exercises 73-112. 


1 
73. / (3x2 — 4x + 7) dx 74, i (857 — 12s? + 5) ds 
- 0 
24 21 
75. / dv 76. | er de 
1U 1 
4 dt (a + Vu)'/2 
Ts ae 78. ———— du 
1 tVt 1 Vu 
1 
79. / a0 80. | ——— 
9 Qx + 1) 0 Wd —- 5r? 
1/2 
81. / x /3(1 — x2/3)3/2 dy 82. | (1 + 9x4)3/? dx 
1/8 0 
7 1/4 
83. / sin? 5r dr 84. ; cos? (4 — 7) dt 
0 0 4 
1/3 3ar/4 
85. / sec?6 d0 86. / esc? x dx 
0 7/4 
30 7 0 
87. / cot? ~ dx 88. | tan? = do 
7 6 0 3 
0 30/4 
89. / sec x tan x dx 90. / csc z cot z dz 
1/3 7/4 
1/2 1/2 
91. | 5(sinx)/2 cosxdx 92. / 15 sin* 3x cos 3x dx 
0 1/2 


93. 


95. 


97. 


a/2 ‘ 
3 sin x cos x 


0 V1 +4 3sin?x 


4 
x it . 
ii (; + +) dx 
-1 
/ e Ot) dy 
2 


dx 


94. 


96. 


98. 


7/4 9 
sec’ x 
————— dx 
J (1 + 7tan x)?/3 


In5 In9 
99, / e(3e" + 1) 3/2 dr ~—- 100. | ee? — 1)'/? do 
0 0 
e 3 
1 7 (In(v + 1) 
101. | =(1+7Inx)'3dx 102. ———dv 
1 x : vt+1 
8 e 
log,0 81n3 log30 
103. / = do 104. - a 
1 1 
sae (2 hi i 
* JosjaV9 = 42 -1/s V4 — 25x? 
2 3 
107. 7 = 108. / ua 
_»4 + 3t vaatt 
: dy . 24 dy 
109. ——— 110. ——— 
v3 yV4y? — 1 42 yVy* — 16 
2/3 dy -V6/V/5 dy 
111. ——— 112. ————— 
v7/3 |y| V9? — 1 avs |y|V5y? — 3 


Average Values 
113. Find the average value of f(x) = mx + b 

a. over [—1, 1] b. over [—k, k] 
114. Find the average value of 


a. y = V3xover [0,3]  b. y = Vax over [0,a] 
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115. 


116. 


117. 


118. 
T| 119. 


120. 
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Let f be a function that is differentiable on [ a, b]. In Chapter 2 
we defined the average rate of change of f over [a,b] to be 
fo) — f@ 
ba 


and the instantaneous rate of change of f at x to be f’(x). In this 
chapter we defined the average value of a function. For the new defi- 
nition of average to be consistent with the old one, we should have 


£) = {@ 


boa ™ average value of f’ on [a,b]. 


Is this the case? Give reasons for your answer. 

Is it true that the average value of an integrable function over an 
interval of length 2 is half the function’s integral over the inter- 
val? Give reasons for your answer. 

a. Verify that Jinx dx =xInx-x+C. 

b. Find the average value of In x over [ 1, e]. 

Find the average value of f(x) = 1/x on [1,2]. 


Compute the average value of the temperature function 
$e) S37 Gn | te = 10th | 8 
365 


for a 365-day year. (See Exercise 98, Section 3.6.) This is one 
way to estimate the annual mean air temperature in Fairbanks, 
Alaska. The National Weather Service’s official figure, a numer- 
ical average of the daily normal mean air temperatures for the 
year, is 25.7°F, which is slightly higher than the average value 
of f(x). 

Specific heat of a gas Specific heat C, is the amount of heat 
required to raise the temperature of one mole (gram molecule) of 
a gas with constant volume by 1°C. The specific heat of oxygen 
depends on its temperature T and satisfies the formula 


C, = 8.27 + 10° (267 — 1.87T?). 


Find the average value of C, for 20° = T = 675°C and the 
temperature at which it is attained. 


Differentiating Integrals 
In Exercises 121-128, find dy/dx. 


121. 


123. 


125. 


127. 


ya f V2 costar 122. 
2 


1 
6 
= dt 
- | See 
0 
y= i, eS t dt 
In x? 


sin! x a a/4 r 
128. y= / ev" dt 
0 V 1 _ or - t 


Tx 
y= f V2 + cost dt 
2 


my 
eee 
secx r alr 1 


Ve 


y= f In(?? + 1) dt 
1 


124. 


126. 


y= 


Theory and Examples 


129. 


130. 


131. 


132. 


133. 


134. 


Is it true that every function y = f(x) that is differentiable on 
[a, b] is itself the derivative of some function on [ a, b |? Give 
reasons for your answer. 


Suppose that f(x) is an antiderivative of f(x) = V1 + x. 


l : , 
Express ie 9 Vit x‘ dx in terms of F and give a reason for 
your answer. 


Find dy/dx if y = iL 7 V1 + # dt. Explain the main steps in 
your calculation. 


Find dy/dx if y = ie (1/(1 — #)) dt. Explain the main 


COS X 

steps in your calculation. 

A new parking lot To meet the demand for parking, your 
town has allocated the area shown here. As the town engineer, 
you have been asked by the town council to find out if the lot 
can be built for $10,000. The cost to clear the land will be $0.10 
a square foot, and the lot will cost $2.00 a square foot to pave. 
Can the job be done for $10,000? Use a lower sum estimate to 
see. (Answers may vary slightly, depending on the estimate 
used.) 


Ignored 


Skydivers A and B are in a helicopter hovering at 6400 ft. Sky- 
diver A jumps and descends for 4 sec before opening her para- 
chute. The helicopter then climbs to 7000 ft and hovers there. 
Forty-five seconds after A leaves the aircraft, B jumps and 
descends for 13 sec before opening his parachute. Both skydiv- 
ers descend at 16 ft/sec with parachutes open. Assume that the 
skydivers fall freely (no effective air resistance) before their 
parachutes open. 


a. At what altitude does A’s parachute open? 
b. At what altitude does B’s parachute open? 
c. Which skydiver lands first? 


Chapter 5) 


Theory and Examples 
1 1 
1. a. tf Tf(x) dx = 7, does | f(x) dx = 1? 
0 0 
1 
b. uf f(x) dx = 4 and f(x) = 0, does 
0 


1 
i Vf) dx = V4 = 22 
0 


Give reasons for your answers. 


2 5 5 
2. suppose | f(x) dx = 4 f f(x) dx = xf g(x) dx = 2. 
-2 2 2 


Which, if any, of the following statements are true? 


2 
a. J toa =-3 
5 


ce. f(x) = g() on the interval -2 =x = 5 


5] 
b. / (F(x) + g(x) = 9 
2 


3. Initial value problem Show that 
x 
y= al f(@d sin a(x — ft) dt 
0 
solves the initial value problem 
dy 
7+ ay = {@), 7x = and y = Owhen x = 0. 


(Hint: sin (ax — at) = sin ax cos at — cos ax sin at.) 


4. Proportionality Suppose that x and y are related by the equation 


ex [= 
0 V1 +42 — 


Show that d’y/dx? is proportional to y and find the constant of 
proportionality. 
5. Find f(4) if 


xe Fx) 
a. | fd dt = x cos 7x b. f, t dt = x cos Tx. 
0 0 


6. Find f(7/2) from the following information. 
i) f is positive and continuous. 
ii) The area under the curve y = f(x) from x = 0 tox = ais 
aoa. 7 
7 oP 5 Sina IP > 00S a. 


7. The area of the region in the xy-plane enclosed by the x-axis, the 
curve y = f(x), f(x) = 0, and the lines x = 1 and x = bd is 


equal to Vb? + 1 — V2 forall b > 1. Find f(x). 
8. Prove that 


| (/ fO ar) du = i f(uy(x — u) du. 
0 \Jo 0 


(Hint: Express the integral on the right-hand side as the differ- 
ence of two integrals. Then show that both sides of the equation 
have the same derivative with respect to x.) 
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Additional and Advanced Exercises 


9. Finding acurve Find the equation for the curve in the xy-plane 
that passes through the point (1,—1) if its slope at x is always 
3x? + 2. 


10. Shoveling dirt You sling a shovelful of dirt up from the bottom 
of a hole with an initial velocity of 32 ft/sec. The dirt must rise 
17 ft above the release point to clear the edge of the hole. Is that 
enough speed to get the dirt out, or had you better duck? 


Piecewise Continuous Functions 

Although we are mainly interested in continuous functions, many 
functions in applications are piecewise continuous. A function f(x) is 
piecewise continuous on a closed interval J if f has only finitely 
many discontinuities in /, the limits 


lim f(x) and lim f(x) 

xc" x—ct 

exist and are finite at every interior point of J, and the appropriate one- 
sided limits exist and are finite at the endpoints of J. All piecewise 
continuous functions are integrable. The points of discontinuity subdi- 
vide J into open and half-open subintervals on which f is continuous, 
and the limit criteria above guarantee that f has a continuous exten- 
sion to the closure of each subinterval. To integrate a piecewise con- 
tinuous function, we integrate the individual extensions and add the 
results. The integral of 


| ee -lsx<0 
f@) = 4x, Osx<2 
-l, 273 eS 3 


(Figure 5.32) over [—1, 3] is 


3 0 2 3 
[toa= fa-na+ feat [cna 
-1 -1 0 2 
x2 0 x3 2 3 
“(31+ Bh Ed, 


2328 _ po 
2° 3 6 
y 


1 >Xx 
3 
yor 
—1-F oe 


FIGURE 5.32 Piecewise continuous 
functions like this are integrated piece by 
piece. 
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The Fundamental Theorem applies to piecewise continuous func- 
tions with the restriction that (d/dx) i : f(@ dt is expected to equal f(x) 
only at values of x at which f is continuous. There is a similar restric- 
tion on Leibniz’s Rule (see Exercises 31-38). 

Graph the functions in Exercises 11—16 and integrate them over 
their domains. 


2/3, 8=x<0 
11. = 
FO) i 0<x<3 
LD. f@) ae -4=x<0 
. 3) il 
x? - 4, 05x53 
ia o={' O=<t<1 
oe sin 7t, lsrs2 
Vil-z Osz<il 
14, ney = { ae 
(7z — 6-1/3, 1<z=<2 
1, —2<=x<-l 
15. fxs) =41—-2x, -lsx<1 
2, l1<=x=2 
fr: -lsr<0 
16. A(r) = 4 1 - Pr’, Osr<l 
1, l=r=2 


17. Find the average value of the function graphed in the accompany- 
ing figure. 


y 


x 
0 it 2 
18. Find the average value of the function graphed in the accompany- 
ing figure. 
y 
1 o—o 
'—!. - >X 

0 1 2 3 

Limits 


Find the limits in Exercises 19-22. 


b Pa 
i dx oo -1 
19. im i Wa 20. iim = | tant dt 
1 1 i 1 fo wwe 1 1 
ats sim (; +10 n+20 i) 
22. lim 1 (el/n n e2/n fe ise ved el l/n } erin) 
n—0o 


Approximating Finite Sums with Integrals 


In many applications of calculus, integrals are used to approximate 
finite sums—the reverse of the usual procedure of using finite sums to 
approximate integrals. 

For example, let’s estimate the sum of the square roots of the 
first n positive integers, V1+ V2+ +--+ + Vn. The integral 


is the limit of the upper sums 


1 2 n-1 1 
non n 


Therefore, when n is large, S,, will be close to 2/3 and we will have 


Root sum = V1 + V2+-:- 4 Vin = Sy oni = Si! 


The following table shows how good the approximation can be. 


n Root sum (2/3)n3/? Relative error 
10 22.468 21.082 1.386/22.468 ~ 6% 
50 239.04 235.70 1.4% 
100 671.46 666.67 0.7% 
1000 21,097 21,082 0.07% 
23. Evaluate 
. D+P+BP +--+ +O 
lim ; 
noo n 


by showing that the limit is 


1 
Je dx 
0 


and evaluating the integral. 


24. See Exercise 23. Evaluate 


lim L(y + 23+ 334 +--+ + nD), 


noo nt 


25. Let f(x) be a continuous function. Express 


sin gf)? aa )| 


as a definite integral. 


26. Use the result of Exercise 25 to evaluate 


a. lim pe t+4+6+ +++ + 2n), 
n 
: 1 
b. lim (15 + 215 + 315 + +++ + n5), 
no n'6 
ij 1 Th ge OTE ee 
c him in sinj, + sins + sin >; F sin = 


What can be said about the following limits? 


d. lim as QP op SP ae eee ae a) 


no py 


e. lim 4.(1'5 + 215 


noo yf’ 


35 es n>) 


27. a. Show that the area A, of an n-sided regular polygon in a circle 
of radius r is 


b. Find the limit of A, as n — oo, Is this answer consistent with 
what you know about the area of a circle? 


28. Let 


— 1 
Ss, = t aa ee y 


wm Ww nw 


To calculate lim,,..0 S,,, show that 


I. FAN" _(n-1\ 
sa al() + (a) #5) 
and interpret S,, as an approximating sum of the integral 


1 
x? dx. 
0 


(Hint: Partition [0,1] into n intervals of equal length and write 
out the approximating sum for inscribed rectangles.) 


Defining Functions Using the Fundamental Theorem 
29. A function defined by an integral The graph of a function f 
consists of a semicircle and two line segments as shown. Let 


g(x) = fT FO dt. 


a. Find g(1). 


b. Find g(3). 

d. Find all values of x on the open interval (—3, 4) at which g has 
a relative maximum. 

e. Write an equation for the line tangent to the graph of g at x = —1. 

f. Find the x-coordinate of each point of inflection of the graph 
of g on the open interval (—3, 4). 


c. Find g(—1). 


g. Find the range of g. 

30. A differential equation Show that both of the following condi- 
tions are satisfied by y = sinx + i, cos 2tdt + 1: 
i) y” = —sinx + 2 sin 2x 


ii) y = 1 and y’ = —2 whenx = a. 


Leibniz’s Rule In applications, we sometimes encounter functions 
defined by integrals that have variable upper limits of integration and 
variable lower limits of integration at the same time. We can find the 
derivative of such an integral by a formula called Leibniz’s Rule. 


Chapter 5 Additional and Advanced Exercises 363 


Leibniz’s Rule 

If f is continuous on [a,b] and if u(x) and v(x) are 
differentiable functions of x whose values lie in 
[a,b], then 


ff pode = flu ® = fay. 


To prove the rule, let F be an antiderivative of f on [a,b]. Then 
u(x) 
FO dt = F(u(x)) — Fu). 
u(x) 
Differentiating both sides of this equation with respect to x gives the 
equation we want: 


d u(x) 


aa = 
def FOd = Gl Foe) — Foe] 


= Frey) _ Fu) Chain Rule 


= fey 2 = fluc) #. 


Use Leibniz’s Rule to find the derivatives of the functions in 


Exercises 31-38. 
41, 70) = / dt 39, fa) < i eT 
I/x cos x 1—¢t 


2Wvy yo. 
33. g(y) = | sin ? dt 34. g(y) = i <dt 
Vy vy 


5 
Wx 

36. y -[ In t dt 
Ve 


x 


35. y= f In Vt dt 


2/2 


Inx e 
37. y -f sin e’dt 38. y -| Intdt 
0 els 
Theory and Examples 


39. Use Leibniz’s Rule to find the value of x that maximizes the value 


of the integral 
x13 
/ “5 — t) dt. 
x 


40. For what x > 0 does x“ = (x*)*? Give reasons for your answer. 


41. Find the areas between the curves y = 2(log)x)/x and y = 
2(log4x)/x and the x-axis from x = 1 to x = e. What is the ratio 
of the larger area to the smaller? 


42. a. Find df/dx if 
f(x) -/ aint ay 
1 
b. Find f(0). 


c. What can you conclude about the graph of f? Give reasons for 
your answer. 


43. Find f’(2) if f(x) = e% and g(x) = : ae 


364 Chapter 5: Integrals 


44. Use the accompanying figure to show that b. 


m/2 1 
| sin x dx = a — if sin! x dx. 
0 0 


45. Napier’s inequality Here are two pictorial proofs that 
1 Inb-Ina_ 1 
b>a>0 => 5 a <= Gi 


Explain what is going on in each case. 


a y 
A 


Ly 
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Mathematica/Maple Modules: 


Using Riemann Sums to Estimate Areas, Volumes, and Lengths of Curves 
Visualize and approximate areas and volumes in Part I. 


Riemann Sums, Definite Integrals, and the Fundamental Theorem of Calculus 


46. Bound on an integral i 
function on [ a, b] satisfying i. f(x) dx = 0. 


a. If c = (a + b)/2, show that 


_ 1 
ity 


>X 


0! a b 


(Source: Roger B. Nelson, College Mathematics Journal, Vol. 24, 
No. 2, March 1993, p. 165.) 


Let f be a continuously differentiable 


b é b 
/ xf (x) dx = / (x — c)f(x)dx + / (x — c)f(x) dx. 


b. Let ¢ = |x — c| and € = (b — a)/2. Show that 


b € 
| xf (x) dx = i, t(f(c + t) — f(c — n)dt. 


a 0 


c. Apply the Mean Value Theorem from Section 4.2 to part (b) 


to prove that 


(ga) 
ie ee 


b 
i] xf (x) dx 


where M is the absolute maximum of f’ on [a,b]. 


Parts I, II, and III develop Riemann sums and definite integrals. Part [V continues the development of the Riemann sum and definite integral using 


the Fundamental Theorem to solve problems previously investigated. 


Rain Catchers, Elevators, and Rockets 


Part | illustrates that the area under a curve is the same as the area of an appropriate rectangle for examples taken from the chapter. You will 
compute the amount of water accumulating in basins of different shapes as the basin is filled and drained. 


Motion Along a Straight Line, Part II 


You will observe the shape of a graph through dramatic animated visualizations of the derivative relations among position, velocity, and accelera- 


tion. Figures in the text can be animated using this software. 


Bending of Beams 


Study bent shapes of beams, determine their maximum deflections, concavity, and inflection points, and interpret the results in terms of a beam’s 


compression and tension. 


>< 


Applications of Definite 
Integrals 


OVERVIEW In Chapter 5 we saw that a continuous function over a closed interval has a 
definite integral, which is the limit of any Riemann sum for the function. We proved that 
we could evaluate definite integrals using the Fundamental Theorem of Calculus. We also 
found that the area under a curve and the area between two curves could be defined and 
computed as definite integrals. 

In this chapter we extend the applications of definite integrals to defining and finding 
volumes, lengths of plane curves, and areas of surfaces of revolution. We also use integrals 
to solve physical problems involving the work done by a force, and to find the location of 
an object’s center of mass. Each application comes from a process leading to an approxima- 
tion by a Riemann sum, and then taking a limit to obtain an appropriate definite integral. 
These applications are important to mathematics, science, and engineering. We also use 
integrals to compute probabilities and their applications to the life sciences in Chapter 8. 


6. 1 Volumes Using Cross-Sections 


Cross-section S(x) 
with area A(x) 


b x 


FIGURE 6.1 A cross-section S(x) of 
the solid S formed by intersecting S with 
a plane P, perpendicular to the x-axis 
through the point x in the interval [ a, b]. 


In this section we define volumes of solids using the areas of their cross-sections. A cross- 
section of a solid S is the plane region formed by intersecting S with a plane (Figure 6.1). We 
present three different methods for obtaining the cross-sections appropriate to finding the 
volume of a particular solid: the method of slicing, the disk method, and the washer method. 

Suppose we want to find the volume of a solid S like the one in Figure 6.1. We begin 
by extending the definition of a cylinder from classical geometry to cylindrical solids with 
arbitrary bases (Figure 6.2). If the cylindrical solid has a known base area A and height h, 
then the volume of the cylindrical solid is 


Volume = area X height = A-h. 


This equation forms the basis for defining the volumes of many solids that are not cylin- 
ders, like the one in Figure 6.1. If the cross-section of the solid S at each point x in the 
interval [a,b] is a region S(x) of area A(x), and A is a continuous function of x, we can 


[i = height 


Plane region whose Cylindrical solid based on region 
area we know Volume = base area X height = Ah 


FIGURE 6.2 The volume of a cylindrical solid is always defined 
to be its base area times its height. 
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1 
| 
| 
| 
b> x 


FIGURE 6.3 A typical thin slab in the 
solid S. 


>< 


Approximating 
cylinder based 
on S(x,) has height 


—_ 
y 


Plane at x,_, 


y, 


/ Plane at x, 


4 Xz 
i ee 


The cylinder’s base 
is the region S(,) — 
with area A(x;) 
NOT TO SCALE 


FIGURE 6.4 The solid thin slab in 
Figure 6.3 is shown enlarged here. It is 
approximated by the cylindrical solid with 
base S(x,) having area A(x,) and height 
Ax, = Xp — Xp-1- 
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define and calculate the volume of the solid S as the definite integral of A(x). We now 
show how this integral is obtained by the method of slicing. 


Slicing by Parallel Planes 


We partition La, b] into subintervals of width (length) Ax, and slice the solid, as we 
would a loaf of bread, by planes perpendicular to the x-axis at the partition points 
a =X) <x < +++ <x, = b. The planes P,, perpendicular to the x-axis at the partition 
points, slice S into thin “slabs” (like thin slices of a loaf of bread). A typical slab is shown in 
Figure 6.3. We approximate the slab between the plane at x,_, and the plane at x, by a cylindri- 
cal solid with base area A(x,) and height Ax, = x, — x,—, (Figure 6.4). The volume V, of this 
cylindrical solid is A(x): Ax;,, which is approximately the same volume as that of the slab: 


Volume of the kth slab ~ V, = A(Qy,) Ary. 


The volume V of the entire solid S is therefore approximated by the sum of these cylindri- 
cal volumes, 


V= Du = SAC) Ax. 
k=1 k=1 


This is a Riemann sum for the function A(x) on [a,b]. We expect the approximations 
from these sums to improve as the norm of the partition of [a,b] goes to zero. Taking a 
partition of [a,b] into n subintervals with ||P|| > 0 gives 


Ak b 
lim >) A(x) Ax = i A(x) dx. 
n> k=] a 


So we define the limiting definite integral of the Riemann sum to be the volume of the solid S. 


DEFINITION The volume of a solid of integrable cross-sectional area A(x) from 
x = ato x = bis the integral of A from a to b, 


b 
V= / A(x) dx. 


This definition applies whenever A(x) is integrable, and in particular when it is con- 
tinuous. To apply the definition to calculate the volume of a solid using cross-sections 
perpendicular to the x-axis, take the following steps: 


Calculating the Volume of a Solid 

1. Sketch the solid and a typical cross-section. 

2. Find a formula for A(x), the area of a typical cross-section. 
3. Find the limits of integration. 

4. Integrate A(x) to find the volume. 


EXAMPLE 1 A pyramid 3 m high has a square base that is 3 m on a side. The cross- 
section of the pyramid perpendicular to the altitude x m down from the vertex is a square 
x mona side. Find the volume of the pyramid. 


Solution 
1. A sketch. We draw the pyramid with its altitude along the x-axis and its vertex at the 
origin and include a typical cross-section (Figure 6.5). 


Typical cross-section 


FIGURE 6.5 The cross-sections of the 
pyramid in Example | are squares. 


2V'9 — x* 


FIGURE 6.6 The wedge of Example 2, 
sliced perpendicular to the x-axis. The 
cross-sections are rectangles. 
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2. A formula for A(x). The cross-section at x is a square x meters on a side, so its area is 
A(x) = x’. 
3. The limits of integration. The squares lie on the planes from x = 0 to x = 3. 


4. Integrate to find the volume: 


3 3 373 
v= fawar= [ ea=%) = 9m}, a 
0 0 0 


EXAMPLE 2 A curved wedge is cut from a circular cylinder of radius 3 by two 
planes. One plane is perpendicular to the axis of the cylinder. The second plane crosses the 
first plane at a 45° angle at the center of the cylinder. Find the volume of the wedge. 


Solution We draw the wedge and sketch a typical cross-section perpendicular to the 
x-axis (Figure 6.6). The base of the wedge in the figure is the semicircle with x = O that 
is cut from the circle x? + y? = 9 by the 45° plane when it intersects the y-axis. 
For any x in the interval [0,3], the y-values in this semicircular base vary from 
y =-V9 — x? toy = V9 — x?. When we slice through the wedge by a plane perpen- 
dicular to the x-axis, we obtain a cross-section at x which is a rectangle of height x whose 
width extends across the semicircular base. The area of this cross-section is 


A(x) = (height)(width) = ()(2V9 — x?) 
= 2xV9 — x. 


The rectangles run from x = 0 to x = 3, so we have 


b 3 
v= f Aca [ore 
a 0 


2 3 Let u = 9 — x?, 
=-3Z0- oy du = —2x dx, integrate, 
3 0 and substitute back. 
= 0 + 2093 
3 
= 18. | 


EXAMPLE 3 Cavalieri’s principle says that solids with equal altitudes and identical 
cross-sectional areas at each height have the same volume (Figure 6.7). This follows 
immediately from the definition of volume, because the cross-sectional area function A(x) 
and the interval [ a, b] are the same for both solids. 


_-— Same volume 


Same cross-section 
area at every level 


FIGURE 6.7  Cavalieri’s principle: These solids have the 
same volume, which can be illustrated with stacks of coins. | 
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FIGURE 6.8 The region (a) and solid of 
revolution (b) in Example 4. 
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Solids of Revolution: The Disk Method 


The solid generated by rotating (or revolving) a plane region about an axis in its plane is 
called a solid of revolution. To find the volume of a solid like the one shown in Figure 6.8, 
we need only observe that the cross-sectional area A(x) is the area of a disk of radius R(x), 
the distance of the planar region’s boundary from the axis of revolution. The area is then 


A(x) = m(radius)* = a[ R(x) ]?. 


So the definition of volume in this case gives 


Volume by Disks for Rotation About the x-axis 


b b 
v= f awac= f otro? ax 


This method for calculating the volume of a solid of revolution is often called the disk 
method because a cross-section is a circular disk of radius R(x). 


EXAMPLE 4 The region between the curve y = Vx,0 = x S 4, and the x-axis is 
revolved about the x-axis to generate a solid. Find its volume. 


Solution We draw figures showing the region, a typical radius, and the generated solid 
(Figure 6.8). The volume is 


b 
V= / a | R(x) |? dx 


a 


= f al veP a 


4 274 4)2 
of x dx “S| a 877. |_| 
0 


Radius R(x) = Vx for 
rotation around x-axis. 


2 Io 


EXAMPLE 5 


The circle 


retype 
is rotated about the x-axis to generate a sphere. Find its volume. 


Solution We imagine the sphere cut into thin slices by planes perpendicular to the x-axis 
(Figure 6.9). The cross-sectional area at a typical point x between —a and a is 


RQ) = Va? — x? for 


= 2. De 
AQ) = my" = aa x"). rotation around x-axis. 


Therefore, the volume is 


a a 3 ]a 
V= / A(x) dx = ii (a? — x’) dx = al ax = = = Fra. al 


a a 


The axis of revolution in the next example is not the x-axis, but the rule for calculating 
the volume is the same: Integrate a(radius)? between appropriate limits. 


EXAMPLE 6 Find the volume of the solid generated by revolving the region bounded 
by y= ‘Vx and the lines y = 1,x = 4 about the line y = 1. 
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A(x) = mae = x’) 


FIGURE 6.9 The sphere generated by rotating the 
circle x* + y? = a? about the x-axis. The radius is 


RQ) = y = Va? — x? (Example 5). 


Solution We draw figures showing the region, a typical radius, and the generated solid 
(Figure 6.10). The volume is 


4 
v= | at | R(x) |? dx 
1 


4 
7 2 Radius R(x) = Vx — 1 
= i) ME |, Vx ~ 1] dx for rotation around y = 1. 
1 
a r 
= nf |x — 2Vx + 1] dx Expand integrand. 
1 
2 4 
x 2 3/2 V1 
— —_— — ‘ + =, ‘ 
al 2 2 ae x , 6 Integrate 


FIGURE 6.10 The region (a) and solid of revolution (b) in Example 6. a 


To find the volume of a solid generated by revolving a region between the y-axis and a 
curve x = R(y),c = y S d, about the y-axis, we use the same method with x replaced by y. 
In this case, the area of the circular cross-section is 


A(y) = [radius ]* = a[ RG) ]?, 


and the definition of volume gives 
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Volume by Disks for Rotation About the y-axis 


d d 
v-f ag ay= | a[ R(y) |? dy. 


EXAMPLE 7 


the y-axis and the curve x = 2/y, 1 = y S 4, about the y-axis. 


Solution We draw figures showing the region, a typical radius, and the generated solid 


(Figure 6.11). The volume is 


4 
v= | m[ R(y) ]? dy 
1 
4 2 
2 
= >] a 
4 4 
4 1 3 
=x yO ta | = 4"]3] = 30. 


Radius R(y) = ° for 


rotation around y-axis. 


EXAMPLE 8 
the parabola x = y? + 1 and the line x = 3 about the line x = 3. 


Find the volume of the solid generated by revolving the region between 


Find the volume of the solid generated by revolving the region between 


(b) 


FIGURE 6.11 The region (a) and part 
of the solid of revolution (b) in Example 7. 


y ROV=3-CO° +) 
A 


=2-y eS 


FIGURE 6.12 The region (a) and solid of revolution (b) in Example 8. 


v3 

v-f m[ RO) ]? dy 
Va 
v3 

-/ m[2— y’]? dy 
V3 


[4 — 4y? + y4] dy 


51V2 
ae 
ay 5 |e 


Solution We draw figures showing the region, a typical radius, and the generated solid 
(Figure 6.12). Note that the cross-sections are perpendicular to the line x = 3 and have 
y-coordinates from y = -V2 to y= \/2. The volume is 


y = + V2 whenx = 3 


Radius R(y) = 3 — Gy + 1) 
for rotation around axis x = 3. 


Expand integrand. 


Integrate. 


(b) 


Interval of 
integration 


(a) 


Washer cross-section 
Outer radius: R(x) = —x + 3 1. Draw the region and sketch a line segment across it perpendicular to the axis of revo- 


Inner radius: r(x) = x2 + 1 
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(x, R@) 


yi; 


Washer 


FIGURE 6.13 The cross-sections of the solid of revolution generated here are washers, not disks, so the integral 
Ae ° A(x) dx leads to a slightly different formula. 


Solids of Revolution: The Washer Method 


If the region we revolve to generate a solid does not border on or cross the axis of revolu- 
tion, the solid has a hole in it (Figure 6.13). The cross-sections perpendicular to the axis of 
revolution are washers (the purplish circular surface in Figure 6.13) instead of disks. The 
dimensions of a typical washer are 


Outer radius: R(x) 


Inner radius: r(x) 
The washer’s area is 
A(x) = w[R@)]? — w[r@)]? = w([R@]*? — [r@)]?). 


Consequently, the definition of volume in this case gives 


Volume by Washers for Rotation About the x-axis 


b b 
v= | acy ar = | a([ R(x) ]? — [r(@)]*) dx. 


This method for calculating the volume of a solid of revolution is called the washer 
method because a thin slab of the solid resembles a circular washer of outer radius R(x) 
and inner radius r(x). 


EXAMPLE 9 The region bounded by the curve y = x* + 1 and the line y = —x + 3 
is revolved about the x-axis to generate a solid. Find the volume of the solid. 
Solution We use the four steps for calculating the volume of a solid as discussed early in 


this section. 


lution (the red segment in Figure 6. 14a). 


0) 2. Find the outer and inner radii of the washer that would be swept out by the line seg- 
FIGURE 6.14 (a) The region in ment if it were revolved about the x-axis along with the region. 
Example 9 spanned by a line segment These radii are the distances of the ends of the line segment from the axis of revolu- 
perpendicular to the axis of revolution. tion (Figure 6.14). 


(b) When the region is revolved about 


the x-axis, the line segment generates a 


washer. 


Outer radius: R(x) = —x + 3 


Inner radius: r(x) = x7 + 1 
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Interval of integration 


(b) 


FIGURE 6.15 (a) The region being 
rotated about the y-axis, the washer radii, 
and limits of integration in Example 10. 
(b) The washer swept out by the line 
segment in part (a). 


3. Find the limits of integration by finding the x-coordinates of the intersection points of 
the curve and line in Figure 6.1 4a. 


e+1l=—-x+3 
e+x-2=0 
(x + 2x — 1) = 0 
x=-2, x=1 Limits of integration 
4. Evaluate the volume integral. 
b 
V= / ar( [ R(x) ] 2 — [ r(x) ] 2) dx Rotation around x-axis 
; 2 2 a Values from Steps 2 
= am((—x + 3) — (x + 1)°) dx aad 3 
—2 
1 
= of (8 — 6x — - x‘) dx Simplify algebraically. 
—2 
3 5]i 
_ 2x x 1177 
7 las 3x 3 5 2, 5 Integrate. oO 


To find the volume of a solid formed by revolving a region about the y-axis, we use 
the same procedure as in Example 9, but integrate with respect to y instead of x. In this 
situation the line segment sweeping out a typical washer is perpendicular to the y-axis (the 
axis of revolution), and the outer and inner radii of the washer are functions of y. 


EXAMPLE 10 The region bounded by the parabola y = x? and the line y = 2x in the 
first quadrant is revolved about the y-axis to generate a solid. Find the volume of the 
solid. 


Solution First we sketch the region and draw a line segment across it perpendicular to 
the axis of revolution (the y-axis). See Figure 6. 15a. 

The radii of the washer swept out by the line segment are R(y) = Vy, r(y) = y/2 
(Figure 6.15). 

The line and parabola intersect at y = 0 and y = 4, so the limits of integration are 
c = 0 and d = 4. We integrate to find the volume: 


d 
V= / 1r( [ RO) ] 2— [r(y) | 2) dy Rotation around y-axis 


4 2 ; ; 3 
Substitute for radii and 
2 y 
/ af Vy] = | ) dy limits of integration. 
0 
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Exercises 6.1 


Volumes by Slicing 
Find the volumes of the solids in Exercises 1—10. 


8. The base of a solid is the region bounded by the graphs of 
yi Vx and y = x/2. The cross-sections perpendicular to the 


eas : : X-axis are 
1. The solid lies between planes perpendicular to the x-axis at x = 0 


and x = 4. The cross-sections perpendicular to the axis on the 
interval 0 = x = 4 are squares whose diagonals run from the 


parabola y = —V ‘x to the parabola y = Vx. 


. The solid lies between planes perpendicular to the x-axis at 
x =-—1 and x = 1. The cross-sections perpendicular to the 
X-axis are circular disks whose diameters run from the parabola 
y = x? to the parabola y = 2 — x’. 


. The solid lies between planes perpendicular to the x-axis at 
x =-—1 and x = 1. The cross-sections perpendicular to the 
x-axis between these planes are squares whose bases run from the 


semicircle y = —V1 — x? to the semicircle y = V1 — x’. 

. The solid lies between planes perpendicular to the x-axis at 
x = —1 and x = 1. The cross-sections perpendicular to the x-axis 
between these planes are squares whose diagonals run from the 


semicircle y = —V1 — x? to the semicircle y = V1 — x?. 


. The base of a solid is the region between the curve y = 2V sinx 
and the interval [ 0, 7 | on the x-axis. The cross-sections perpen- 
dicular to the x-axis are 


a. equilateral triangles with bases running from the x-axis to the 
curve as shown in the accompanying figure. 


T x 


b. squares with bases running from the x-axis to the curve. 


. The solid lies between planes perpendicular to the x-axis at 
x = —7/3 and x = 7/3. The cross-sections perpendicular to 
the x-axis are 


a. circular disks with diameters running from the curve 
y = tan x to the curve y = sec x. 


b. squares whose bases run from the curve y = tan x to the 
curve y = sec x. 


. The base of a solid is the region bounded by the graphs of 
y = 3x, y = 6, and x = 0. The cross-sections perpendicular to 
the x-axis are 


a. rectangles of height 10. 


b. rectangles of perimeter 20. 


a. isosceles triangles of height 6. 


b. semicircles with diameters running across the base of the solid. 


9. The solid lies between planes perpendicular to the y-axis at y = 0 


and y = 2. The cross-sections perpendicular to the y-axis are cir- 


cular disks with diameters running from the y-axis to the parabola 


x= V5y?. 


10. The base of the solid is the disk x7 + y* < 1. The cross-sections 


by planes perpendicular to the y-axis between y = —1 and y = 1 
are isosceles right triangles with one leg in the disk. 


ePtyr=l 


11. Find the volume of the given right tetrahedron. (Hint: Consider 


slices perpendicular to one of the labeled edges.) 


12. Find the volume of the given pyramid, which has a square base of 


area 9 and height 5. 


x 


13. A twisted solid A square of side length s lies in a plane perpen- 


dicular to a line L. One vertex of the square lies on L. As this square 
moves a distance h along L, the square turns one revolution about L 
to generate a corkscrew-like column with square cross-sections. 


a. Find the volume of the column. 


b. What will the volume be if the square turns twice instead of 
once? Give reasons for your answer. 
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14. Cavalieri’s principle A solid lies between planes perpendicular 
to the x-axis at x = 0 and x = 12. The cross-sections by planes 
perpendicular to the x-axis are circular disks whose diameters run 
from the line y = x/2 to the line y = x as shown in the accom- 
panying figure. Explain why the solid has the same volume as a 
right circular cone with base radius 3 and height 12. 


Volumes by the Disk Method 
In Exercises 15—18, find the volume of the solid generated by revolv- 
ing the shaded region about the given axis. 


15. About the x-axis 16. About the y-axis 
y y 


18. About the x-axis 


y 
A» 


17. About the y-axis 


y = sin x cos x 
2 


>X 


NIQ 


Find the volumes of the solids generated by revolving the regions 
bounded by the lines and curves in Exercises 19—28 about the x-axis. 


19 y=x, y=0, x=2 2. y=x7, y=0, x=2 

21. y= V9—-x, y=0 22, y=x—x*4, y=0 

23. y= Veosx, OS x=7/2, y=0, x=0 

24. y=secx, y=0, x =—7/4, x = 7/4 

25. y=e*, y=0, x=0, x 1 

26. The region between the curve y = Vcot x and the x-axis from 
x= 7/6tox = 7/2 

27. The region between the curve y = 1/ (2V‘x) and the x-axis from 
x=1/4tox=4 


28. y=e™}, y=0, x=1, x=3 


In Exercises 29 and 30, find the volume of the solid generated by 
revolving the region about the given line. 
29. The region in the first quadrant bounded above by the line 


y= V2, below by the curve y = sec x tan x, and on the left by 
the y-axis, about the line y = 2 


30. The region in the first quadrant bounded above by the line y = 2, 
below by the curve y = 2 sinx,0 < x S 7/2, and on the left by 
the y-axis, about the line y = 2 


Find the volumes of the solids generated by revolving the regions 
bounded by the lines and curves in Exercises 31—36 about the y-axis. 


31. The region enclosed by x = V5y2, x=0, y=-1, y=1 
32. The region enclosed by x = y??, x=0, y=2 
33. The region enclosed by x = V2sin2y, OS y= 7/2, x=0 


34. The region enclosed by x = Vcos(ay/4), -2=y = 0, 
x= 0 


35. x =2/Vy+1, x=0, y=0, y=3 
36. x = V2y/O2 +), x=0, y=1 


Volumes by the Washer Method 
Find the volumes of the solids generated by revolving the shaded 
regions in Exercises 37 and 38 about the indicated axes. 


37. The x-axis 38. The y-axis 


= 0 a 
2 


Find the volumes of the solids generated by revolving the regions 
bounded by the lines and curves in Exercises 39—44 about the x-axis. 


39. y=x, y=1, x=0 
40. y=2Vx, y=2, x=0 


M.y=x4+1, y=x4+3 

42. y=4—-x27, yH=2-x 

43. y=secx, y= V2, -7/45x= 0/4 
44, y = secx, =tanx, x=0, x=1 


In Exercises 45—48, find the volume of the solid generated by revolv- 
ing each region about the y-axis. 


45. The region enclosed by the triangle with vertices (1, 0), (2, 1), 
and (1, 1) 

46. The region enclosed by the triangle with vertices (0, 1), (1, 0), 
and (1, 1) 

47. The region in the first quadrant bounded above by the parabola 
y = x’, below by the x-axis, and on the right by the line x = 2 


48. The region in the first quadrant bounded on the left by the circle 
x2 + y? = 3, on the right by the line x = V3, and above by the 


line y = V3 


In Exercises 49 and 50, find the volume of the solid generated by 
revolving each region about the given axis. 


49. The region in the first quadrant bounded above by the curve 
y = x’, below by the x-axis, and on the right by the line x = 1, 
about the line x = —1 


50. 


The region in the second quadrant bounded above by the curve 
y = —x3, below by the x-axis, and on the left by the line x = —1, 
about the line x = —2 


Volumes of Solids of Revolution 


51. 


52. 


53. 


54. 


Find the volume of the solid generated by revolving the region 


bounded by y = \Vx and the lines y = 2 and x = 0 about 
a. the x-axis. b. the y-axis. 
c. the line y = 2. d. the line x = 4. 


Find the volume of the solid generated by revolving the triangular 


region bounded by the lines y = 2x, y = 0, and x = 1 about 
a. the line x = 1. b. the line x = 2. 


Find the volume of the solid generated by revolving the region 


bounded by the parabola y = x? and the line y = 1| about 
a. the line y = 1. b. the line y = 2. 
c. the line y = —1. 


By integration, find the volume of the solid generated by revolv- 
ing the triangular region with vertices (0, 0), (b, 0), (0, 2) about 


a. the x-axis. b. the y-axis. 


Theory and Applications 


55. 


56. 


57. 


58. 


59. 


The volume of a torus The disk x* + y? = a? is revolved 
about the line x = b(b > a) to generate a solid shaped like a 
doughnut and called a torus. Find its volume. (Hint: 
I i Vae— y dy = ta’ /2, since it is the area of a semicircle of 
radius a.) 


Volume of a bowl A bowl has a shape that can be generated by 
revolving the graph of y = x”/2 between y = 0 and y = 5 about 
the y-axis. 


a. Find the volume of the bowl. 


b. Related rates If we fill the bowl with water at a constant 
rate of 3 cubic units per second, how fast will the water level 
in the bowl be rising when the water is 4 units deep? 


Volume of a bowl 


a. A hemispherical bowl of radius a contains water to a depth h. 
Find the volume of water in the bowl. 


b. Related rates Water runs into a sunken concrete hemi- 
spherical bow] of radius 5 m at the rate of 0.2 m?/sec. How 
fast is the water level in the bowl rising when the water is 
4 m deep? 


Explain how you could estimate the volume of a solid of revolu- 
tion by measuring the shadow cast on a table parallel to its axis of 
revolution by a light shining directly above it. 


Volume of a hemisphere Derive the formula V = (2/3)7R? 
for the volume of a hemisphere of radius R by comparing its 
cross-sections with the cross-sections of a solid right circular cyl- 
inder of radius R and height R from which a solid right circular 
cone of base radius R and height R has been removed, as sug- 
gested by the accompanying figure. 


R2 — h2 


60. 


61. 


62. 


375 


6.1 Volumes Using Cross-Sections 


Designing a plumb bob Having been asked to design a brass 
plumb bob that will weigh in the neighborhood of 190 g, you 
decide to shape it like the solid of revolution shown here. Find the 
plumb bob’s volume. If you specify a brass that weighs 8.5 g/cm’, 
how much will the plumb bob weigh (to the nearest gram)? 


Am ya Avae— 2 


x (cm) 


Designing a wok You are designing a wok frying pan that will 
be shaped like a spherical bowl with handles. A bit of experimen- 
tation at home persuades you that you can get one that holds 
about 3 L if you make it 9 cm deep and give the sphere a radius of 
16 cm. To be sure, you picture the wok as a solid of revolution, as 
shown here, and calculate its volume with an integral. To the 
nearest cubic centimeter, what volume do you really get? 
(1 L = 1000 cm?) 


y (cm) 
A 


~ 
a * 


x+y? = 16" = 256 
‘ 


Max-min The arch y = sinx,0 = x = 7, is revolved about 

the line y = c,0 = c = 1, to generate the solid in the accompa- 

nying figure. 

a. Find the value of c that minimizes the volume of the solid. 
What is the minimum volume? 


b. What value of c in [ 0, 1] maximizes the volume of the solid? 


Graph the solid’s volume as a function of c, first for 

0 = c = 1 and then on a larger domain. What happens to 
the volume of the solid as c moves away from [0, 1]? Does 
this make sense physically? Give reasons for your answers. 
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63. Consider the region R bounded by the graphs of y = f(x) > 0, 64. Consider the region R given in Exercise 63. If the volume of the 
x =a>0,x=b>a, and y = 0 (see accompanying figure). solid formed by revolving R around the x-axis is 677, and the vol- 
If the volume of the solid formed by revolving R about the x-axis ume of the solid formed by revolving R around the line y = —2 is 
is 477, and the volume of the solid formed by revolving R about 1077, find the area of R. 


the line y = —1 is 877, find the area of R. 


6.2 Volumes Using Cylindrical Shells 


In Section 6.1 we defined the volume of a solid as the definite integral V = [ A(x) dx, 
where A(x) is an integrable cross-sectional area of the solid from x = a to x = b. The 
area A(x) was obtained by slicing through the solid with a plane perpendicular to the 
x-axis. However, this method of slicing is sometimes awkward to apply, as we will illus- 
trate in our first example. To overcome this difficulty, we use the same integral definition 
for volume, but obtain the area by slicing through the solid in a different way. 


Slicing with Cylinders 


Suppose we slice through the solid using circular cylinders of increasing radii, like cookie 
cutters. We slice straight down through the solid so that the axis of each cylinder is parallel 
to the y-axis. The vertical axis of each cylinder is the same line, but the radii of the cylin- 
ders increase with each slice. In this way the solid is sliced up into thin cylindrical shells 
of constant thickness that grow outward from their common axis, like circular tree rings. 
Unrolling a cylindrical shell shows that its volume is approximately that of a rectangular 
slab with area A(x) and thickness Ax. This slab interpretation allows us to apply the same 
integral definition for volume as before. The following example provides some insight 
before we derive the general method. 


EXAMPLE 1 The region enclosed by the x-axis and the parabola y = f(x) = 3x — x? 
is revolved about the vertical line x = —1 to generate a solid (Figure 6.16). Find the vol- 
ume of the solid. 


Solution Using the washer method from Section 6.1 would be awkward here because 
we would need to express the x-values of the left and right sides of the parabola in 
Figure 6.16a in terms of y. (These x-values are the inner and outer radii for a typical 
washer, requiring us to solve y = 3x — x? for x, which leads to complicated formulas.) 
Instead of rotating a horizontal strip of thickness Ay, we rotate a vertical strip of thick- 
ness Ax. This rotation produces a cylindrical shell of height y, above a point x, within 
the base of the vertical strip and of thickness Ax. An example of a cylindrical shell is 
shown as the orange-shaded region in Figure 6.17. We can think of the cylindrical shell 
shown in the figure as approximating a slice of the solid obtained by cutting straight 
down through it, parallel to the axis of revolution, all the way around close to the inside 
hole. We then cut another cylindrical slice around the enlarged hole, then another, and so 
on, obtaining n cylinders. The radii of the cylinders gradually increase, and the heights 
of the cylinders follow the contour of the parabola: shorter to taller, then back to shorter 
(Figure 6.16a). 


FIGURE 6.17 A cylindrical shell of 
height y, obtained by rotating a vertical 
strip of thickness Ax, about the line 

x = —1. The outer radius of the cylinder 
occurs at x,, where the height of the 
parabola is y, = 3x, — x2 (Example 1). 
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—2 
=f) iG 
Axis of Axis of 
revolution | —2- revolution 
x=-1 x=-1 


(a) (b) 


FIGURE 6.16 (a) The graph of the region in Example 1, before revolution. 
(b) The solid formed when the region in part (a) is revolved about the 
axis of revolution x = —1. 


Each slice is sitting over a subinterval of the x-axis of length (width) Ax,. Its radius is 
approximately (1 + x,), and its height is approximately 3x, — x,2. If we unroll the cylin- 
der at x, and flatten it out, it becomes (approximately) a rectangular slab with thickness 
Ax, (Figure 6.18). The outer circumference of the kth cylinder is 277 + radius = 27(1 + x,), 
and this is the length of the rolled-out rectangular slab. Its volume is approximated by that 
of a rectangular solid, the area of the rectangle times its thickness, 


AY 


circumference X height X thickness 
= 27(1 + X,)* (3x, _ m2) * Ax. 


Summing together the volumes AV, of the individual cylindrical shells over the interval 
[0,3] gives the Riemann sum 


Say = SY 20% + 1)(3x%, _ Ky? ) AX. 
k=1 = 


= — x,2 
h = (3x, — x2) ~ Ax, = thickness 


1=27(1 + x) 


FIGURE 6.18 Cutting and unrolling a cylindrical shell gives a 
nearly rectangular solid (Example 1). 
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Taking the limit as the thickness Ax, > 0 and n — © gives the volume integral 


n—-oo 


V= lim > 2a + 1)(3%, — x2) Ax 
k=1 

3 

= 7 Qa(x + 1)Bx — x*) dx 
0 
3 

= | Qm(3x7 + 3x — x3 — x?) dx 
0 


3 


= 2m f (2x7 + 3x — x3) dx 
0 


We now generalize the procedure used in Example 1. 


The Shell Method 


Suppose the region bounded by the graph of a nonnegative continuous function y = f(x) 
and the x-axis over the finite closed interval [ a, b] lies to the right of the vertical line 
x = L (Figure 6.19a). We assume a = L, so the vertical line may touch the region, but 
not pass through it. We generate a solid S by rotating this region about the vertical 


line L. 


Let P be a partition of the interval [ a, b] by the points a = x9 <x, < +++ <x, = Bb, 
and let c, be the midpoint of the Ath subinterval [ x,_,, x, ]. We approximate the region in 
Figure 6.19a with rectangles based on this partition of [a,b]. A typical approximating 
rectangle has height f(c,) and width Ax, = x, — x,_1. If this rectangle is rotated about the 


os a vertical line x = L, then a shell is swept out, as in Figure 6.19b. A formula from geometry 
Tisvolanie ore yindacalsuehor tells us that the volume of the shell swept out by the rectangle is 
height / with inner radius r and outer bie y 8 
radius R is AY, = 2a X average shell radius X shell height X thickness 
TRA — arh = an( 8 > “aan r). = dore(q, =" L)*t(G,)* Axe. R =x, — Landr =x; —L 


Vertical axis 
of revolution 


Vertical axis 
of revolution 


eS 
y =f) 
>] < Ax 
Rectangle 
height = f(c,) 
a /C ie 
ej Xe-1 Xk 


FIGURE 6.19 When the region shown in (a) is revolved about the vertical line 
x = L, a solid is produced which can be sliced into cylindrical shells. A typical 
shell is shown in (b). 


y 


A 


2 


Shell radius 
eS 
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We approximate the volume of the solid S by summing the volumes of the shells swept out 
by the 7 rectangles based on P: 


v~ Yay. 
k= 


The limit of this Riemann sum as each Ax, — 0 and n — ©0 gives the volume of the solid 
as a definite integral: 


- b 
V= lim y AV, = / 27r(shell radius)(shell height) dx 
NOE] a 


b 
= : 27(x — L)f(x) dx. 


We refer to the variable of integration, here x, as the thickness variable. We use the 
first integral, rather than the second containing a formula for the integrand, to empha- 
size the process of the shell method. This will allow for rotations about a horizontal 
line L as well. 


Shell Formula for Revolution About a Vertical Line 


The volume of the solid generated by revolving the region between the x-axis and 
the graph of a continuous function y = f(x) = 0,L = a = x S DB, about a ver- 


tical line x = Lis 
b 
a ie Geel war 
2 7\ radius height . 


EXAMPLE 2 The region bounded by the curve y = Vx, the x-axis, and the line 
x = 4 is revolved about the y-axis to generate a solid. Find the volume of the solid. 


Solution Sketch the region and draw a line segment across it parallel to the axis of revo- 
lution (Figure 6.20a). Label the segment’s height (shell height) and distance from the axis 
of revolution (shell radius). (We drew the shell in Figure 6.20b, but you need not do that.) 


Shell radius y = Vx 


Interval of 
integration 


Interval of integration ‘i 
(a) (b) 


FIGURE 6.20 (a) The region, shell dimensions, and interval of integration in Example 2. (b) The shell 
swept out by the vertical segment in part (a) with a width Ax. 
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The shell thickness variable is x, so the limits of integration for the shell formula are 
a = O and b = 4 (Figure 6.20). The volume is then 


b 
_ shell shell 
re | 2 Gore | Cone ee 
4 
z | Gia de 
0 


4 4 
= 2m f 3/2 dy = 2n| 2:3? | = 128m | 
0 5 0 


5 


So far, we have used vertical axes of revolution. For horizontal axes, we replace the 
x’s with y’s. 


EXAMPLE 3 The region bounded by the curve y = Vx, the x-axis, and the line 
x = 4 is revolved about the x-axis to generate a solid. Find the volume of the solid by the 
shell method. 


Solution This is the solid whose volume was found by the disk method in Example 4 of 
Section 6.1. Now we find its volume by the shell method. First, sketch the region and draw 
a line segment across it parallel to the axis of revolution (Figure 6.21a). Label the seg- 
ment’s length (shell height) and distance from the axis of revolution (shell radius). (We 
drew the shell in Figure 6.21b, but you need not do that.) 

In this case, the shell thickness variable is y, so the limits of integration for the shell 
formula method are a = 0 and b = 2 (along the y-axis in Figure 6.21). The volume of the 


solid is 
b 
shell shell 
eS | aa Snel) te 4 
2 
= / 2m(y)(4 — y’) dy 
0 
2 
= 2n | (4y — y*) dy 
0 
42 
= 2n| 29 = | = 87. 
y 
Shell height 
y 
4- y 
Shell height 
2 (4, 2) 
SS§ 
3 
Bay? 
ee ) Shell radius 
= ( 1, 
5 mee 


(a) 


FIGURE 6.21 (a) The region, shell dimensions, and interval of integration in Example 3. 
(b) The shell swept out by the horizontal segment in part (a) with a width Ay. a 
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Summary of the Shell Method 
Regardless of the position of the axis of revolution (horizontal or vertical), the 


steps for implementing the shell method are these. 


1. Draw the region and sketch a line segment across it parallel to the axis of 
revolution. Label the segment’s height or length (shell height) and distance 
from the axis of revolution (shell radius). 

2. Find the limits of integration for the thickness variable. 


3. Integrate the product 27 (shell radius) (shell height) with respect to the 
thickness variable (x or y) to find the volume. 


The shell method gives the same answer as the washer method when both are used to 
calculate the volume of a region. We do not prove that result here, but it is illustrated in 
Exercises 37 and 38. (Exercise 45 outlines a proof.) Both volume formulas are actually 
special cases of a general volume formula we will look at when studying double and triple 
integrals in Chapter 15. That general formula also allows for computing volumes of solids 
other than those swept out by regions of revolution. 


Exercises 6.2 | 


Revolution About the Axes 

In Exercises 1-6, use the shell method to find the volumes of the 
solids generated by revolving the shaded region about the indicated 
axis. 


1. 2. 
y y 
i » 
er) yore cer) x2 


5. The y-axis 


6. The y-axis 


>X 


Revolution About the y-Axis 

Use the shell method to find the volumes of the solids generated by 
revolving the regions bounded by the curves and lines in Exercises 
7-12 about the y-axis. 

7oy=x, y= -x/2, x=2 

8. y= 2x, y=x/2, x= 1 

9 y=x, y=2-x, x=0, forx=0 

10. y=2-—x7, y=x, x=0 

11. y= 2x - 1, y= Vx x= 

12. y= 3/(2Vz), y=O. x= 1, <=4 
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(sinx)/x, O<x=57 
1, x=0 


a. Show that xf(x) = sinx,O SxS 7. 


13. Let f(x) = { 


b. Find the volume of the solid generated by revolving the 
shaded region about the y-axis in the accompanying figure. 


y 


sin x 
camer O<x s7 


x=0 


> X 


(tanx)*/x, O<x< 77/4 
0, x=0 
a. Show that x g(x) = (tanx)’,0 <x S 7/4. 


14. Let g(x) = { 


b. Find the volume of the solid generated by revolving the 
shaded region about the y-axis in the accompanying figure. 


Revolution About the x-Axis 

Use the shell method to find the volumes of the solids generated by 
revolving the regions bounded by the curves and lines in Exercises 
15-22 about the x-axis. 


15. x = Vy, cS Hy, yo? 
2, y20 
18. x=2y-y*, x=y 


16. x=y*, x y, y 
17. x=2y-y, x=0 
19. 
21. 
22, y= Vx, y=0, y=2-<x 


ane aoa 20. y=x, y=2x, y=2 


Ret Net 
Ill 
a 
cal 
< 
I 


y=x-2 


Revolution About Horizontal and Vertical Lines 

In Exercises 23-26, use the shell method to find the volumes of the 
solids generated by revolving the regions bounded by the given curves 
about the given lines. 


23. y= 3x, y=0, x=2 


a. The y-axis b. The line x = 4 

c. The line x = —1 d. The x-axis 

e. The line y = 7 f. The line y = —2 
24. y x, y=8 x=0 

a. The y-axis b. The line x = 3 

c. The line x = —2 d. The x-axis 

e. The line y = 8 f. The line y = —1 
2. y=xt+2, y=x 

a. The line x = 2 b. The line x = —-1 


| 
~ 


c. The x-axis d. The line y = 


26. y=xt, y=4—- 3x? 


a. The line x = 1 b. The x-axis 


In Exercises 27 and 28, use the shell method to find the volumes of 
the solids generated by revolving the shaded regions about the indi- 
cated axes. 


27. a. The x-axis 
c. The line y = 8/5 


b. The line y = 1 
d. The line y = —2/5 


y 
A 


1 x= 12(y? = y?) 
0 : >Xx 
28. a. The x-axis b. The line y = 2 
c. The line y = 5 d. The line y = —5/8 


Choosing the Washer Method or Shell Method 

For some regions, both the washer and shell methods work well for 
the solid generated by revolving the region about the coordinate axes, 
but this is not always the case. When a region is revolved about the 
y-axis, for example, and washers are used, we must integrate with 
respect to y. It may not be possible, however, to express the integrand 
in terms of y. In such a case, the shell method allows us to integrate 
with respect to x instead. Exercises 29 and 30 provide some insight. 


29. Compute the volume of the solid generated by revolving the region 


bounded by y = x and y = x? about each coordinate axis using 
a. the shell method. b. the washer method. 


30. Compute the volume of the solid generated by revolving the tri- 
angular region bounded by the lines 2y = x + 4,y = x, and 
x = 0 about 


a. the x-axis using the washer method. 

b. the y-axis using the shell method. 

c. the line x = 4 using the shell method. 
d. the line y = 8 using the washer method. 


In Exercises 31-36, find the volumes of the solids generated by 
revolving the regions about the given axes. If you think it would be 
better to use washers in any given instance, feel free to do so. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


The triangle with vertices (1, 1), (1, 2), and (2, 2) about 


a. the x-axis b. the y-axis 

c. the line x = 10/3 d. the line y = 1 

The region bounded by y = Vx, y = 2,x = 0 about 
a. the x-axis b. the y-axis 

c. the line x = 4 d. the line y = 2 


The region in the first quadrant bounded by the curve x = y — y? 


and the y-axis about 
a. the x-axis b. the line y = 1 


The region in the first quadrant bounded by x = y — y*,x = 1, 
and y = | about 


a. the x-axis b. the y-axis 

c. the line x = 1 d. the line y = 1 

The region bounded by y = Vx and y = x*/8 about 
a. the x-axis b. the y-axis 


The region bounded by y = 2x — x? and y = x about 


a. the y-axis b. the line x = 1 


The region in the first quadrant that is bounded above by the 
curve y = 1/x!/4, on the left by the line x = 1/16, and below by 
the line y = 1 is revolved about the x-axis to generate a solid. 
Find the volume of the solid by 


the shell method. 
The region in the first quadrant that is bounded above by the 
curve y = 1/ Vx, on the left by the line x = 1/4, and below by 


the line y = 1 is revolved about the y-axis to generate a solid. 
Find the volume of the solid by 


a. the washer method. b. 


a. the washer method. b. the shell method. 


Theory and Examples 


39. 


40. 


The region shown here is to be revolved about the x-axis to gener- 
ate a solid. Which of the methods (disk, washer, shell) could you 
use to find the volume of the solid? How many integrals would be 
required in each case? Explain. 


The region shown here is to be revolved about the y-axis to gener- 
ate a solid. Which of the methods (disk, washer, shell) could you 
use to find the volume of the solid? How many integrals would be 
required in each case? Give reasons for your answers. 


> 


41. 


42. 


43. 


44, 


45. 


46. 


47. 


48. 
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A bead is formed from a sphere of radius 5 by drilling through a 
diameter of the sphere with a drill bit of radius 3. 


a. Find the volume of the bead. 
b. Find the volume of the removed portion of the sphere. 


A Bundt cake, well known for having a ringed shape, is formed 
by revolving around the y-axis the region bounded by the graph 
of y = sin (x? — 1) and the x-axis over the interval | = x= 
V1 + a. Find the volume of the cake. 


Derive the formula for the volume of a right circular cone of 
height h and radius r using an appropriate solid of revolution. 


Derive the equation for the volume of a sphere of radius r using 
the shell method. 


Equivalence of the washer and shell methods for finding vol- 
ume Let f be differentiable and increasing on the interval 
a =x = b, with a > 0, and suppose that f has a differentiable 
inverse, f-'. Revolve about the y-axis the region bounded by the 
graph of f and the lines x = a and y = f(b) to generate a solid. 
Then the values of the integrals given by the washer and shell 
methods for the volume have identical values: 


f(b) b 
/ m((f'Q)Y — a?) dy = / 2ax(f(b) — f(x) dx. 
f 


(a) a 


To prove this equality, define 


fo 
Wa) = / m((f-'(y))? — a’) dy 
f 


(a) 


S(t) = / 2ax( f(t) — f(x) dx. 


Then show that the functions W and S agree at a point of [a,b] 
and have identical derivatives on [a,b]. As you saw in Section 
4.8, Exercise 128, this will guarantee W(t) = S(t) for all ¢ in 
[a,b]. In particular, W(b) = S(b). (Source: “Disks and Shells 
Revisited” by Walter Carlip, in American Mathematical Monthly, 
Feb. 1991, vol. 98, no. 2, pp. 154-156.) 


The region between the curve y = sec’!x and the x-axis from 
x = | to x = 2 (shown here) is revolved about the y-axis to gen- 
erate a solid. Find the volume of the solid. 


ols 


a y=sec x 


0 1 2 


Find the volume of the solid generated by revolving the region 
enclosed by the graphs of y = e*, y = 0,x = 0, and x= 1 
about the y-axis. 

Find the volume of the solid generated by revolving the region 
enclosed by the graphs of y = e”?, y = 1, and x = In3 about 
the x-axis. 
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6 ° 3 Arc Length 


FIGURE 6.23 The arc P,_,P;, of the 
curve y = f(x) is approximated by the 
straight-line segment shown here, which 


has length L, = V(Ax,)° + (Ay,). 


We know what is meant by the length of a straight-line segment, but without calculus, we 
have no precise definition of the length of a general winding curve. If the curve is the 
graph of a continuous function defined over an interval, then we can find the length of 
the curve using a procedure similar to that we used for defining the area between the curve 
and the x-axis. This procedure results in a division of the curve from point A to point B 
into many pieces and joining successive points of division by straight-line segments. We 
then sum the lengths of all these line segments and define the length of the curve to be the 
limiting value of this sum as the number of segments goes to infinity. 


Length of a Curve y = f(x) 


Suppose the curve whose length we want to find is the graph of the function y = f(x) from 
x = atox = b. Inorder to derive an integral formula for the length of the curve, we assume 
that f has a continuous derivative at every point of [ a, b]. Such a function is called smooth, 
and its graph is a smooth curve because it does not have any breaks, corners, or cusps. 


y 
; Pry 


FIGURE 6.22 The length of the polygonal path P)P,P,- - - P, approximates the 
length of the curve y = f(x) from point A to point B. 


We partition the interval [a,b] into n subintervals with a = x) < x1) <.x.<-+-< 
x, = b. Ify, = f(x), then the corresponding point P.(x;,, y,) lies on the curve. Next we 
connect successive points Py; and P, with straight-line segments that, taken together, 
form a polygonal path whose length approximates the length of the curve (Figure 6.22). If 
Axy = X% — Xp; and Ay, = y, — yy_1, then a representative line segment in the path has 
length (see Figure 6.23) 


Ly = V(Ax + (Ay,)’, 


so the length of the curve is approximated by the sum 
SL = dS V(Ax)? + (Ay. (1) 
k=1 k=1 


We expect the approximation to improve as the partition of [| a, b | becomes finer. Now, by 
the Mean Value Theorem, there is a point c,, with x.) < c, < x;, such that 


Ay, = f'(cy) Axp. 


A 


FIGURE 6.24 The length of 
the curve is slightly larger than the 
length of the line segment joining 
points A and B (Example 1). 


0 


FIGURE 6.25 The curve in 
Example 2, where A = (1, 13/12) 


and B = (4, 67/12). 
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With this substitution for Ay;,, the sums in Equation (1) take the form 


> Ly = > V(Axy? + (Ff (G)AuY = yvit [Fed 1? Axe (2) 


Because V1 + [ f(x) ]? is continuous on [a,b], the limit of the Riemann sum on the 
right-hand side of Equation (2) exists as the norm of the partition goes to zero, giving 


lim > i, = lim > V1 + [f'(q)]? Ax = [ V1+ [f'@)]? d&. 


n—-?00 5 noo 


We define the value of this limiting integral to be the length of the curve. 


DEFINITION If f’ is continuous on [a, b], then the length (are length) of the 
curve y = f(x) from the point A = (a, f(a)) to the point B = (b, f(b)) is the 
value of the integral 


b b 2 
-| LP Ge |? de -| 1+ (2) dx. (3) 


EXAMPLE 1 Find the length of the curve (Figure 6.24) 
_ 4Vv2 p 
3 


=], Osx. 


Solution We use Equation (3) with a = 0, b = 1, and 
4v2 3 2 
3 


y= = 1 x=Il,y = 0.89 


dy _ 4V2 3, 
= : /2 — 1/2 
ae 3 ax 2V 2x 


(2) = (2V3x')? = ae 


The length of the curve over x = 0 to x = | is 
fi dy 2 1 Eq. (3) with 
-[ 1+(2) a eae = 1 
0 dx 0 Let u = 1 + 8x, 
1 integrate, and 
he 80)" = 8 = 217. replace u by 
0 


_2,1 
Teg 1 +r. 


Notice that the length of the curve is slightly larger than the length of the straight-line segment 
joining the points A = (0,—1) and B = ( iF 4V/2/3 =] ) on the curve (see Figure 6.24): 


217 > VV + (1.89) ~ 2.14. Decimal approximations Ba 


EXAMPLE 2 Find the length of the graph of 


fx) = eh hegee 


Solution A graph of the function is shown in Figure 6.25. To use Equation (3), we find 


(O=7>— 
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sO 


; _ ry 1) _ x 1d 
Le [7 |? 1+(% 1) 1+(8 144) 


The length of the graph over [ 1, 4] is 


4 4 
hs -| 1+ Forar= | (S+h)e 
1 1 
[28 1l*_ (641 1 92 
Ls a (s 1) (4 1) a - 


EXAMPLE 3 Find the length of the curve 


y=s+e*), O5x52 


Solution We use Equation (3) with a = 0, b = 2, and 


_1 Xx x 

yogle +e ) 

dy 1 x ax 

noo e ) 
dy\? 1 2x —2x 
(2) = —-2+e ) 


1+ (2) = ie +2+e*)= Lie + ©). 
The length of the curve from x = 0 to x = 2 is 
- Vir (Bye 7 [ic eT eer 
A dx 52 : : 
i 


_1 x x = 2 2) = 
se e i 5 le e?) = 3.63. o 


Dealing with Discontinuities in dy/dx 


At a point on a curve where dy / dx fails to exist, dx /dy may exist. In this case, we may be 
able to find the curve’s length by expressing x as a function of y and applying the follow- 
ing analogue of Equation (3): 


Formula for the Length of x = g(y),c Sy Sd 
If g’ is continuous on [ c, d], the length of the curve x = g(y) from A = (g(c), c) 
to B = (g(d), d) is 


d Oo: d 
L-f je ex | 1 + [g’())? dy. (4) 


FIGURE 6.26 The graph of 

y = (x/2)*? from x = 0 to x = 2 
is also the graph of x = 2y*/? from 
y = Otoy = 1 (Example 4). 


>X 
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EXAMPLE 4 Find the length of the curve y = (x/2)/? from x = 0 to x = 2. 


iy oie Pi). 1f2\" 
dx 3\2 2) 3\x 


is not defined at x = 0, so we cannot find the curve’s length with Equation (3). 
We therefore rewrite the equation to express x in terms of y: 


Solution The derivative 


3/2 — x Raise both sides 
: 2 to the power 3/2. 
x= 2y7/?, Solve for x. 


From this we see that the curve whose length we want is also the graph of x = 2y*/? from 


y = Oto y = 1 (Figure 6.26). 
dx 3 1/2 1/2 
dy — 2(3)> =o 


The derivative 
is continuous on . We may therefore use Equation (4) to find the curve’s length: 


Ea. (4) with 
anc (“*) Jo f VI+9ydy 


Let u = 1 + 9y, 
du/9 = dy, 


= 7 =(1 + ov] integrate, and 
0 substitute back. 
2 
= 5 10V10 =) 2.27, rT] 


The Differential Formula for Arc Length 


If y = f() and if f’ is continuous on [ a, b], then by the Fundamental Theorem of Cal- 
culus we can define a new function 


s(x) -/ Vit [POP da (5) 


From Equation (3) and Figure 6.22, we see that this function s(x) is continuous and mea- 
sures the length along the curve y = f(x) from the initial point Po(a, f(a)) to the point 
Q(x, f(x)) for each xe [a,b]. The function s is called the are length function for 
y = f(x). From the Fundamental Theorem, the function s is differentiable on (a, b) and 


- vis TF@P= 1+ (2). 


Then the differential of arc length is 


dy 
ds 1+ a ae (6) 


A useful way to remember Equation (6) is to write 
ds = Va + oy, 7) 


which can be integrated between appropriate limits to give the total length of a curve. From 
this point of view, all the arc length formulas are simply different expressions for the equation 
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>< 


> X 


(a) 


>< 


>X 


(b) 


FIGURE 6.27 Diagrams for remembering 


the equation ds = Vdx? + dy’. 


Exercises 


Finding Lengths of Curves 


L= [ ds. Figure 6.27a gives the exact interpretation of ds corresponding to Equation (7). 
Figure 6.27b is not strictly accurate, but is to be thought of as a simplified approximation of 
Figure 6.27a. That is, ds ~ As. 


EXAMPLE 5 Find the arc length function for the curve in Example 2, taking 
A = (1, 13/12) as the starting point (see Figure 6.25). 


Solution In the solution to Example 2, we found that 


a x? i 
1+ [f (x) ] = 4a ate 5 F 
Therefore the arc length function is given by 


w= [VI - Fora =f (G+h)a 
1 


fe # 
/@. 4) #15 
12 ¢f), 12 * 12 


To compute the arc length along the curve from A = (1, 13/12) to B = (4, 67/12), for 
instance, we simply calculate 


AP ot AS 
s(4) 1D 4 + a 6. 
This is the same result we obtained in Example 2. a 


Finding Integrals for Lengths of Curves 


Find the lengths of the curves in Exercises 1-14. If you have a grapher, In Exercises 15-22, do the following. 


you may want to graph these curves to see what they look like. 
1. y = (1/3)? + 2)? from x = Otox = 3 


a. Set up an integral for the length of the curve. 


b. Graph the curve to see what it looks like. 


2. y= from x =Otox =4 c. Use your grapher’s or computer’s integral evaluator to find 
3. x = (y3/3) + 1/(4y) from y= ltoy =3 the curve’s length numerically. 
4. x = (/?/3) — y'? from y = ltoy = 9 b.y=x, -lSex=2 
5. x = (y*/4) + 1/(8y?) from y= ltoy =2 16. y=tanx, —7/3 =x=0 
6. x = (3/6) + 1/(2y) from y = 2toy =3 17, x=sinny, OZ ys 
7. y = 3/443 - 3/945, 1=x=8 i. 2= View, “Ae = 1/2 
8 y = (3/3) + x2 +x + 1/(4x 0<x<2 19. y>+ 2y = 2x +1 from (—1,-1) to(7, 3) 
x2 20. y= sinx —xcosx, OS x=7 
9 = Inx-~& from x = ltox = 2 a 
2 a y= f tantdt O<x=<7/6 
iio from x= ltox = 3 0 
2 4 y 
u pf fe (2¢e 22, x= f Vse0% = Tat —7/3sys7/4 
° 3 AN 0 
12, y= ew, 1 1 <x<1 Theory and Examples 
: 5 12x37 20° 


7 
13. x = | Vsectt—1dt, -7/4s ys 7/4 
0 


4. y= | V3t-—1ldt, -25x<-l 
~2 


23. a. Find acurve with a positive derivative through the point (1, 1) 
whose length integral (Equation 3) is 


4 
L=f il ase 
: 4x 


b. How many such curves are there? Give reasons for your answer. 


24. a. Find acurve with a positive derivative through the point (0, 1) 
whose length integral (Equation 4) is 


2 
L=f f+ tay. 
1 y 


b. How many such curves are there? Give reasons for your answer. 


25. Find the length of the curve 
x 
y= / V cos 2t dt 
0 


from x = Otox = 7/4. 

26. The length of an astroid The graph of the equation x?/3 + 
y/3 = 1 is one of a family of curves called astroids (not “aster- 
oids”) because of their starlike appearance (see the accompanying 
figure). Find the length of this particular astroid by finding 
the length of half the first-quadrant portion, y = (1 — x2/9)3/?, 
V/2/4 <x < 1, and multiplying by 8. 


y 
A 


i 


x23 + y=] 


>X 


27. Length of aline segment Use the arc length formula (Equation 3) 
to find the length of the line segment y = 3 — 2x,0 =x = 2. 
Check your answer by finding the length of the segment as the 
hypotenuse of a right triangle. 


28. Circumference of a circle Set up an integral to find the cir- 
cumference of a circle of radius r centered at the origin. You will 
learn how to evaluate the integral in Section 8.4. 


29. If 9x7 = y(y — 3)’, show that 


+ 1P 
(y+) dy”. 


ds* = ay 


30. If 4x? — y*? = 64, show that 


ds? = 4+ (5x? — 16) de. 
y 


31. Is there a smooth (continuously differentiable) curve y = f(x) 
whose length over the interval 0 = x = a is always V2a? Give 
reasons for your answer. 


32. Using tangent fins to derive the length formula for curves 
Assume that f is smooth on [ a, b] and partition the interval [ a, b | 
in the usual way. In each subinterval [x,_,,.,], construct the 
tangent fin at the point (x;,-1, f(%,-1)), as shown in the accompa- 
nying figure. 

a. Show that the length of the kth tangent fin over the interval 
[rx-1, 4x] equals V(Axy)? + (f/@%=1) Ax)? 
b. Show that 


; b 
lim > (length of kth tangent fin) = / V1 + (f’@Y dx, 
1 a 


—>00 
n k 
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which is the length L of the curve y = f(x) froma to b. 


y =f) 


fl 
“———1_ Tangent fin 
| with slope 


a f'X-1) 


(1 fO%R—1)), 


Ax, 


>X 
Xk-1 Xk 


33. Approximate the arc length of one-quarter of the unit circle 
(which is 7/2) by computing the length of the polygonal approx- 
imation with n = 4 segments (see accompanying figure). 


y 
A 


fie 
0) 0.25 0.50.75 1 


34. Distance between two points Assume that the two points (x;, y,) 
and (x, y2) lie on the graph of the straight line y = mx + b. Use 
the arc length formula (Equation 3) to find the distance between 
the two points. 


35. Find the arc length function for the graph of f(x) = 2x7/? using 
(0, 0) as the starting point. What is the length of the curve from 
(0, 0) to (1, 2)? 

36. Find the arc length function for the curve in Exercise 8, using 
(0, 1/4) as the starting point. What is the length of the curve from 
(0, 1/4) to (1, 59/24)? 


COMPUTER EXPLORATIONS 
In Exercises 37-42, use a CAS to perform the following steps for the 
given graph of the function over the closed interval. 


a. Plot the curve together with the polygonal path approxima- 
tions for n = 2, 4, 8 partition points over the interval. (See 
Figure 6.22.) 


b. Find the corresponding approximation to the length of the 
curve by summing the lengths of the line segments. 


c. Evaluate the length of the curve using an integral. Compare 
your approximations for n = 2, 4, 8 with the actual length 
given by the integral. How does the actual length compare 
with the approximations as n increases? Explain your answer. 

37. fs) = Vl-2x, -lsx<l 

38. fy) = 2'8 +23, OS x52 

39. f(x) = sin(@x), O<x< V2 

40. fx) = cosx, OS x7 

41. Oe ae ne eg 
Xx 2 


42. fs =P-x, -lsx<1 
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6 A Areas of Surfaces of Revolution 


Ax 


2ay 


>X 


NOT TO SCALE 
(b) 


FIGURE 6.28 (a) A cylindrical surface 
generated by rotating the horizontal line 


segment AB of length Ax about the x-axis 
has area 27ryAx. (b) The cut and rolled- 
out cylindrical surface as a rectangle. 


When you jump rope, the rope sweeps out a surface in the space around you similar to 
what is called a surface of revolution. The surface surrounds a volume of revolution, and 
many applications require that we know the area of the surface rather than the volume it 
encloses. In this section we define areas of surfaces of revolution. More general surfaces 
are treated in Chapter 16. 


Defining Surface Area 


If you revolve a region in the plane that is bounded by the graph of a function over an 
interval, it sweeps out a solid of revolution, as we saw earlier in the chapter. However, if 
you revolve only the bounding curve itself, it does not sweep out any interior volume but 
rather a surface that surrounds the solid and forms part of its boundary. Just as we were 
interested in defining and finding the length of a curve in the last section, we are now 
interested in defining and finding the area of a surface generated by revolving a curve 
about an axis. 

Before considering general curves, we begin by rotating horizontal and slanted line 
segments about the x-axis. If we rotate the horizontal line segment AB having length Ax 
about the x-axis (Figure 6.28a), we generate a cylinder with surface area 27ryAx. This area 
is the same as that of a rectangle with side lengths Ax and 2zry (Figure 6.28b). The length 
27ry is the circumference of the circle of radius y generated by rotating the point (x, y) on 
the line AB about the x-axis. 

Suppose the line segment AB has length L and is slanted rather than horizontal. Now 
when AB is rotated about the x-axis, it generates a frustum of a cone (Figure 6.29a). From 
classical geometry, the surface area of this frustum is 27ry*L, where y* = (y, + y2)/2 is 
the average height of the slanted segment AB above the x-axis. This surface area is the 
same as that of a rectangle with side lengths L and 2ay* (Figure 6.29b). 

Let’s build on these geometric principles to define the area of a surface swept out by 
revolving more general curves about the x-axis. Suppose we want to find the area of the 
surface swept out by revolving the graph of a nonnegative continuous function 
y = f(x), a = x S b, about the x-axis. We partition the closed interval [ a, b] in the usual 
way and use the points in the partition to subdivide the graph into short arcs. Figure 6.30 
shows a typical arc PQ and the band it sweeps out as part of the graph of f. 


2iy 


NOT TO SCALE 
(b) 


FIGURE 6.29 (a) The frustum of a cone generated by rotating 

the slanted line segment AB of length L about the x-axis has area 

Yt yp 
2 


27ry* L. (b) The area of the rectangle for y* = , the average 


height of AB above the x-axis. 


FIGURE 6.30 The surface generated 
by revolving the graph of a nonnegative 
function y = f(x),a = x = b, about the 
x-axis. The surface is a union of bands like 
the one swept out by the arc PQ. 


FIGURE 6.31 The line segment joining 
P and Q sweeps out a frustum of a cone. 


Segment length: 
p L=V(Ax,? + Ay,? 


+ 


Ay, 


r= fx —1) 


FIGURE 6.32 Dimensions associated 
with the arc and line segment PQ. 
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As the arc PQ revolves about the x-axis, the line segment joining P and Q sweeps out 
a frustum of a cone whose axis lies along the x-axis (Figure 6.31). The surface area of this 
frustum approximates the surface area of the band swept out by the arc PQ. The surface 
area of the frustum of the cone shown in Figure 6.31 is 27ry*L, where y* is the average 
height of the line segment joining P and Q, and L is its length Gust as before). Since 
f = 0, from Figure 6.32 we see that the average height of the line segment is 


y* = (f0—1) + f(@))/2, and the slant length is L = V(Ax,)? + (Ay,)*. Therefore, 


y+ 
Frustum surface area = 277 IO 0 Few) »V(Ax,? + (Ay,? 


= T(fO%x-1) + FO) V (Ax)? + (Ay). 


The area of the original surface, being the sum of the areas of the bands swept out by 
arcs like arc PQ, is approximated by the frustum area sum 


SDS 7(FOu-) + fO~)V (Ax)? + (Ay). (1) 
k=1 


We expect the approximation to improve as the partition of [ a, b] becomes finer. More- 
over, if the function f is differentiable, then by the Mean Value Theorem, there is a point 
(cy, f(c,)) on the curve between P and Q where the tangent is parallel to the segment PQ 
(Figure 6.33). At this point, 

' AYy 

fi) = re, 

Ay, = f' (cy) Ax. 

With this substitution for Ay;,, the sums in Equation (1) take the form 


2 Fex-) + fa) V (Ax)? + (f' (cy) Ax, 


= DrF1) + FA@DV1 + CF (cp)? Ax. (2) 
k=1 
These sums are not the Riemann sums of any function because the points x,_,, x,, and c; 


are not the same. However, it can be proved that as the norm of the partition of [ a, b] goes 
to zero, the sums in Equation (2) converge to the integral 


b 
/ Qarf(xyV1 + (f' (x) dx. 


We therefore define this integral to be the area of the surface swept out by the graph of f 
from a to b. 


DEFINITION If the function f(x) = 0 is continuously differentiable on [ a, b], 
the area of the surface generated by revolving the graph of y = f(x) about the 
X-axis is 


b > b 
S -| Qay,/1 + (2) dx -/ Qrf(xyV1 + (f'@)) dx. (3) 


The square root in Equation (3) is the same one that appears in the formula for the arc 
length differential of the generating curve in Equation (6) of Section 6.3. 


EXAMPLE 1 Find the area of the surface generated by revolving the curve y = 2x, 
1 = x S 2, about the x-axis (Figure 6.34). 
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(cys f(C,)) Solution We evaluate the formula 
Tangent parallel 
os to chord b dy 2 
il S= 2ay,/1 + ae dx Eq. (3) 


d 
eat. $29. goo 2a. 


First, we perform some algebraic manipulation on the radical in the integrand to transform 
FIGURE 6.33 If /issmaoth, the Mean it into an expression that is easier to integrate. 


Value Theorem guarantees the existence of dy\? i’ 
a point c, where the tangent is parallel to 1+ (2) =,/1+ (=) 
segment PQ. us Vx 
= fied pet-e 
y = . Vx 
ae 2W/x : eee 
Y With these substitutions, we have 


2 2, 
s= f an-2vie tae = anf ee ae 
1 Xx 1 


2 


= dere So + pe] = 5 (3v3 - 2v2). = 


1 


Revolution About the y-Axis 


For revolution about the y-axis, we interchange x and y in Equation (3). 


FIGURE 6.34 In Example | we calcu- 
late the area of this surface. 


Surface Area for Revolution About the y-Axis 


If x = g(y) = 0 is continuously differentiable on [c, d], the area of the surface 
generated by revolving the graph of x = g(y) about the y-axis is 


d 2 d 
i= i amt + (#8) dy = / 2ag(y)V1 + (g'(y))? dy. (4) 


EXAMPLE 2 The line segment x = 1 — y,0 S y S 1, is revolved about the y-axis to 
generate the cone in Figure 6.35. Find its lateral surface area (which excludes the base area). 


Solution Here we have a calculation we can check with a formula from geometry: 


Lateral surface area = base ctrowmferenee x slant height = rV2. 


To see how Equation (4) gives the same result, we take 


FIGURE 6.35 Revolving line segment 


AB about the y-axis generates a cone whose 5 
lateral surface area we can now calculate in Iii (#) =V1+ (-1Pr = V2 
two different ways (Example 2). dy 


and calculate 
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aV2. 


The results agree, as they should. | 


Exercises 6.4 | 


Finding Integrals for Surface Area 
In Exercises 1-8: 


a. Set up an integral for the area of the surface generated by 
revolving the given curve about the indicated axis. 


. Graph the curve to see what it looks like. If you can, graph 
the surface too. 


. Use your utility’s integral evaluator to find the surface’s area 


numerically. 
-y=tanx, OSx5 7/4; 
~y=x, O<x <2; 
» xy =, 


1 X-axis 
2. 

3. 

4. x = siny, 

5 

6 


X-axis 

1=y=2; y-axis 
O=ys7; y-axis 

x!/2 + yl? = 3° from (4, 1) to (1,4); x-axis 


.yt2@vy=x, l1=y= 2; y-axis 


. 
Ts x= f tanta O=ys 7/3; y-axis 
0 


ay-/ VP —1dt, 1<x< V5: «axis 
1 


Finding Surface Area 
9. Find the lateral (side) surface area of the cone generated by 
revolving the line segment y = x/2,0 =x <4, about the 
x-axis. Check your answer with the geometry formula 


1 . F 
Lateral surface area = 5) xX base circumference X slant height. 


Find the lateral surface area of the cone generated by revolving 
the line segment y = x/2,0 < x = 4, about the y-axis. Check 
your answer with the geometry formula 


10. 


Lateral surface area = 5 X base circumference X slant height. 


Find the surface area of the cone frustum generated by revolving 
the line segment y = (x/2) + (1/2),1 =x <3, about the 
x-axis. Check your result with the geometry formula 


11. 


Frustum surface area = 7(7, + 7) X slant height. 


12. Find the surface area of the cone frustum generated by revolving 
the line segment y = (x/2) + (1/2), 1 = x <3, about the 


y-axis. Check your result with the geometry formula 


Frustum surface area = 7(r, + 7) X slant height. 


Find the areas of the surfaces generated by revolving the curves in 
Exercises 13-23 about the indicated axes. If you have a grapher, you 
may want to graph these curves to see what they look like. 


13. y=x°/9, OS x52; x-axis 


14. y= Vx, 3/4 x S 15/4; x-axis 

15. y= V2x —- x7, 05x 1.5; xaxis 
16. y= Vxt+1, 1Sx=5; xaxis 

17. x= y°/3, OS y<1;_ y-axis 

18. x = (1/3)y32 — y¥7, 1<y <3; y-axis 


2V4—y, OX y< 15/4; y-axis 


9 


19. x= 


20. x = V2y—-1, 5/8 sy1; 


y-axis 


21. x = (e + &%)/2, OS ys In2; y-axis 
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22. 


23. 


24. 


25. 


26. 


27. 


28. 


y = (1/3)02 + 2)9/?, O<x< V2; y-axis (Hint: Express 
ds = dx? + dy? in terms of dx, and evaluate the integral 
S= f 27x ds with appropriate limits.) 
x = (1/4) + 1/(8y?), 1S yS 2; x-axis (Hint: Express 
ds = Vdx? + dy* in terms of dy, and evaluate the integral 
S= i 2ary ds with appropriate limits.) 


Write an integral for the area of the surface generated by revolv- 
ing the curve y = cos x,—7/2 = x S 7/2, about the x-axis. In 
Section 8.4 we will see how to evaluate such integrals. 


Testing the new definition Show that the surface area of a 
sphere of radius a is still 4z7a? by using Equation (3) to find the 
area of the surface generated by revolving the curve 
y= Va — x’, -a = x < a, about the x-axis. 


Testing the new definition The lateral (side) surface area of a 
cone of height h and base radius r should be mrV7r? + 1’, the 
semiperimeter of the base times the slant height. Show that this is 
still the case by finding the area of the surface generated by 
revolving the line segment y = (r/h)x,0 = x = h, about the 
X-axis. 

Enameling woks Your company decided to put out a deluxe 
version of a wok you designed. The plan is to coat it inside with 
white enamel and outside with blue enamel. Each enamel will be 
sprayed on 0.5 mm thick before baking. (See accompanying fig- 
ure.) Your manufacturing department wants to know how much 
enamel to have on hand for a production run of 5000 woks. What 
do you tell them? (Neglect waste and unused material and give 
your answer in liters. Remember that 1 cm? = 1 mL, so 
1L = 1000 cm*.) 


y (cm) 
A 


Slicing bread Did you know that if you cut a spherical loaf of 
bread into slices of equal width, each slice will have the same 
amount of crust? To see why, suppose the semicircle 
y = Vr? — x? shown here is revolved about the x-axis to gener- 
ate a sphere. Let AB be an arc of the semicircle that lies above an 
interval of length h on the x-axis. Show that the area swept out by 
AB does not depend on the location of the interval. (It does 
depend on the length of the interval.) 


29. The shaded band shown here is cut from a sphere of radius R by 


parallel planes / units apart. Show that the surface area of the 
band is 277Rh. 


30. Here is a schematic drawing of the 90-ft dome used by the U.S. 


National Weather Service to house radar in Bozeman, Montana. 


a. How much outside surface is there to paint (not counting the 
bottom)? 


b. Express the answer to the nearest square foot. 


Radius 
45 ft 


31. An alternative derivation of the surface areaformula Assume 


f is smooth on [a,b] and partition [a,b] in the usual way. In 
the Ath subinterval [x,_,,x,], construct the tangent line to the 
curve at the midpoint m, = (x,-, + x;,)/2, as in the accompany- 
ing figure. 

a. Show that 


Ax, Ax, 
nr = fim) — fim) 2 and 7 = fim) + f'n) 2° 


b. Show that the length L, of the tangent line segment in the kth 
subinterval is L; = V(Ax,)2 + (fm) Ax, 
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c. Show that the lateral surface area of the frustum of the cone (Hint: Revolve the first-quadrant portion y = (1 — x2/3)3/2, 
swept out by the tangent line segment as it revolves about the 0 = x = 1, about the x-axis and double your result.) 
x-axis is 2af(m,) V1 + (f'(m,))* Ax,. 

: y 
d. Show that the area of the surface generated by revolving 
y = f(x) about the x-axis over [a,b] is 1 
b 
; ". (lateral surface area 2/3 4. 2/3 = 4 
l = | 2f(x)V1 + (f'@)) de. a 
Rue >> (‘" kth frustum ) | 7H) (Pe) dx 
32. The surface of an astroid Find the area of the surface gener- -1 0 ; ? 


ated by revolving about the x-axis the portion of the astroid 
x7/3 + y?/3 = 1 shown in the accompanying figure. 
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Joules 
The joule, abbreviated J, is named after 


the English physicist James Prescott 
Joule (1818-1889). The defining equa- 
tion is 

1 joule = (1 newton)(1 meter). 


In symbols, 1 J = 1 N-m. 


In everyday life, work means an activity that requires muscular or mental effort. In sci- 
ence, the term refers specifically to a force acting on an object and the object’s subsequent 
displacement. This section shows how to calculate work. The applications run from com- 
pressing railroad car springs and emptying subterranean tanks to forcing subatomic parti- 
cles to collide and lifting satellites into orbit. 


Work Done by a Constant Force 


When an object moves a distance d along a straight line as a result of being acted on by a 
force of constant magnitude F in the direction of motion, we define the work W done by 
the force on the object with the formula 


W = Fd (Constant-force formula for work). (1) 


From Equation (1) we see that the unit of work in any system is the unit of force mul- 
tiplied by the unit of distance. In SI units (SI stands for Systéme International, or Interna- 
tional System), the unit of force is a newton, the unit of distance is a meter, and the unit of 
work is a newton-meter (N* m). This combination appears so often it has a special name, 
the joule. In the British system, the unit of work is the foot-pound, a unit sometimes used 
in applications. 


EXAMPLE 1 Suppose you jack up the side of a 2000-Ib car 1.25 ft to change a tire. 
The jack applies a constant vertical force of about 1000 Ib in lifting the side of the car (but 
because of the mechanical advantage of the jack, the force you apply to the jack itself is 
only about 30 Ib). The total work performed by the jack on the car is 1000 1.25 = 1250 
ft-lb. In SI units, the jack has applied a force of 4448 N through a distance of 0.381 m to 
do 4448 < 0.381 ~ 1695 J of work. | 


Work Done by a Variable Force Along a Line 


If the force you apply varies along the way, as it will if you are stretching or compressing 
a spring, the formula W = Fd has to be replaced by an integral formula that takes the 
variation in F into account. 

Suppose that the force performing the work acts on an object moving along a straight 
line, which we take to be the x-axis. We assume that the magnitude of the force is a continu- 
ous function F of the object’s position x. We want to find the work done over the interval 
from x = a to x = b. We partition [ a, b] in the usual way and choose an arbitrary point c; 
in each subinterval [ x,_,, x, ]. If the subinterval is short enough, the continuous function F 
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> 


Force (Ib) 


VAAAAAAAAAAY 


Compressed 


WAAAY 


Uncompressed 1 


(a) 


Work done by F 


Qe 0 tox = 0.25 


x (ft) 


0 0.25 
Amount compressed 


(b) 


FIGURE 6.36 The force F needed to 
hold a spring under compression increases 


linearly as the spring is compressed 


(Example 2). 
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will not vary much from x,_; to x,. The amount of work done across the interval will be 
about F(c,) times the distance Ax,, the same as it would be if F were constant and we 
could apply Equation (1). The total work done from a to b is therefore approximated by 
the Riemann sum 


Work ~ >) F(cy) Ary. 
k=1 


We expect the approximation to improve as the norm of the partition goes to zero, so we 
define the work done by the force from a to b to be the integral of F from a to b: 


nh b 
lim S) F(c,) Ax = i F(x) dx. 
NO b=] a 


DEFINITION The work done by a variable force F(x) in moving an object along 
the x-axis from x = a to x = bis 


b 
W= i F(x) dx. (2) 


The units of the integral are joules if F is in newtons and x is in meters, and foot-pounds if 
F is in pounds and x is in feet. So the work done by a force of F(x) = 1/x? newtons in 
moving an object along the x-axis from x = 1m tox = 10 mis 


ie 1]'° 1 
w= [ od = + =-7+1=091. 


Hooke’s Law for Springs: F = kx 


One calculation for work arises in finding the work required to stretch or compress a 
spring. Hooke’s Law says that the force required to hold a stretched or compressed spring 
x units from its natural (unstressed) length is proportional to x. In symbols, 


F = kx. (3) 


The constant k, measured in force units per unit length, is a characteristic of the 
spring, called the force constant (or spring constant) of the spring. Hooke’s Law, Equa- 
tion (3), gives good results as long as the force doesn’t distort the metal in the spring. We 
assume that the forces in this section are too small to do that. 


EXAMPLE 2 Find the work required to compress a spring from its natural length of 
1 ft to a length of 0.75 ft if the force constant is k = 16 lb/ft. 


Solution We picture the uncompressed spring laid out along the x-axis with its movable 
end at the origin and its fixed end at x = 1 ft (Figure 6.36). This enables us to describe the 
force required to compress the spring from 0 to x with the formula F = 16x. To compress 
the spring from 0 to 0.25 ft, the force must increase from 


F0)=16-0=0lb to ——-F(0.25) = 16-0.25 = 4 1b. 


The work done by F over this interval is 


0.25 0.25 Eq. (2) with 
W= / 16x dx = a = 0.5 ft-lb. a= 0,b = 0.25, | 
0 0 F(x) = 16x 


& 
ll 
oO 
T 
“fii 
ARRARKY 


0.8b----4 


v 
x (m) 


FIGURE 6.37 A 24-N weight stretches 
this spring 0.8 m beyond its unstressed 


length (Example 3). 


FIGURE 6.38 Lifting the bucket in 
Example 4. 
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EXAMPLE 3 A spring has a natural length of 1 m. A force of 24 N holds the spring 
stretched to a total length of 1.8 m. 

(a) Find the force constant k. 

(b) How much work will it take to stretch the spring 2 m beyond its natural length? 

(c) How far will a 45-N force stretch the spring? 


Solution 
(a) The force constant. We find the force constant from Equation (3). A force of 24 N 
maintains the spring at a position where it is stretched 0.8 m from its natural length, so 


24 = k(0.8) Eq. (3) with 
k=2j/08=30Nia, eee 
(b) The work to stretch the spring 2 m. We imagine the unstressed spring hanging along 
the x-axis with its free end at x = 0 (Figure 6.37). The force required to stretch the 


spring x m beyond its natural length is the force required to hold the free end of the 
spring x units from the origin. Hooke’s Law with k = 30 says that this force is 


F(x) = 30x. 


The work done by F on the spring from x = 0m to x = 2 mis 


2 2 
w= | 30x dx = Ise = 60J. 
0 0 
(c) How far will a 45-N force stretch the spring? We substitute F = 45 in the equation 
F = 30x to find 


45 = 30x, or x=15m. 
A 45-N force will keep the spring stretched 1.5 m beyond its natural length. oO 


Lifting Objects and Pumping Liquids from Containers 


The work integral is useful to calculate the work done in lifting objects whose weights 
vary with their elevation. 


EXAMPLE 4 A 5-lb bucket is lifted from the ground into the air by pulling in 20 ft of 
rope at a constant speed (Figure 6.38). The rope weighs 0.08 lb/ft. How much work was 
spent lifting the bucket and rope? 


Solution The bucket has constant weight, so the work done lifting it alone is weight < 
distance = 5+ 20 = 100 ft-lb. 

The weight of the rope varies with the bucket’s elevation, because less of it is freely 
hanging. When the bucket is x ft off the ground, the remaining proportion of the rope still 
being lifted weighs (0.08) - (20 — x) lb. So the work in lifting the rope is 


20 


20 
Work on rope = (0.08)(20 — x) dx = / (1.6 — 0.08x) dx 
0 0 


[ 1.6x — 0.04x?]q° = 32 — 16 = 16 ft-lb. 
The total work for the bucket and rope combined is 


100 + 16 = 116 ft-lb. a 


How much work does it take to pump all or part of the liquid from a container? Engi- 
neers often need to know the answer in order to design or choose the right pump, or to com- 
pute the cost, to transport water or some other liquid from one place to another. To find out 
how much work is required to pump the liquid, we imagine lifting the liquid out one thin 
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<a 


1 
=r orx= Ly 
y xOrx = 5y 


FIGURE 6.39 The olive oil and tank in 
Example 5. 


FIGURE 6.40 To withstand the increas- 
ing pressure, dams are built thicker as they 
go down. 


Weight-density 
A fluid’s weight-density w is its weight 


per unit volume. Typical values (1b/ft*) 
are listed below. 


Gasoline 42 
Mercury 849 
Milk 64.5 
Molasses 100 
Olive oil a7 
Seawater 64 
Freshwater 62.4 
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horizontal slab at a time and applying the equation W = Fd to each slab. We then evaluate 
the integral this leads to as the slabs become thinner and more numerous. The integral we get 
each time depends on the weight of the liquid and the dimensions of the container, but the 
way we find the integral is always the same. The next example shows what to do. 


EXAMPLE 5 The conical tank in Figure 6.39 is filled to within 2 ft of the top with olive 
oil weighing 57 Ib/ft?. How much work does it take to pump the oil to the rim of the tank? 


Solution We imagine the oil divided into thin slabs by planes perpendicular to the y-axis 
at the points of a partition of the interval [ 0, 8]. 
The typical slab between the planes at y and y + Ay has a volume of about 


2 
AV = m(radius)*(thickness) = n(4y) Ay = a Ay ft. 


The force F(y) required to lift this slab is equal to its weight, 


F(y) = 57 AV = 27 yp Ay lb. 
The distance through which F(y) must act to lift this slab to the level of the rim of the 


cone is about (10 — y) ft, so the work done lifting the slab is about 


AW = 27719 — y)y? Ay ft-lb. 


Weight = (weight per unit 
volume) X volume 


Assuming there are n slabs associated with the partition of [ 0, 8], and that y = ), denotes 
the plane associated with the kth slab of thickness Ay,, we can approximate the work done 
lifting all of the slabs with the Riemann sum 


W~ > P70 — yoy? Aye feb. 
1 


The work of pumping the oil to the rim is the limit of these sums as the norm of the parti- 
tion goes to zero and the number of slabs tends to infinity: 


8 
570 


_ ty 57 
W = lim > 77 (10 — ypyg Ay = / 4 (10 — yy? dy 
0 


nO k=] 
stm [* 
=f aor ya 
0 


57| 10y? y*)8 
~ A | 3 4 


=~ 30,561 ft-lb. 


Fluid Pressure and Forces 


Dams are built thicker at the bottom than at the top (Figure 6.40) because the pressure 
against them increases with depth. The pressure at any point on a dam depends only on 
how far below the surface the point is and not on how much the surface of the dam hap- 
pens to be tilted at that point. The pressure, in pounds per square foot at a point h feet 
below the surface, is always 62.4h. The number 62.4 is the weight-density of freshwater in 
pounds per cubic foot. The pressure h feet below the surface of any fluid is the fluid’s 
weight-density times h. 


The Pressure-Depth Equation 


In a fluid that is standing still, the pressure p at depth A is the fluid’s weight- 
density w times h: 


p = wh. (4) 


FIGURE 6.41 These containers are 
filled with water to the same depth and 


have the same base area. The total force is 
therefore the same on the bottom of each 
container. The containers’ shapes do not 
matter here. 


y 
Surface of fluid 
Submerged vertical | 
fA eens plate Strip 


depth 


a 
t 


L(y) >| 


Strip length at level y 


FIGURE 6.42 The force exerted by a 
fluid against one side of a thin, flat horizon- 
tal strip is about AF = pressure X area = 
w X (strip depth) X L(y) Ay. 
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In a container of fluid with a flat horizontal base, the total force exerted by the fluid 
against the base can be calculated by multiplying the area of the base by the pressure at the 
base. We can do this because total force equals force per unit area (pressure) times area. 
(See Figure 6.41.) If F, p, and A are the total force, pressure, and area, then 


F = total force = force per unit area X area 


= pressure X area = pA 


whA. p = wh from Eq. (4) 


Fluid Force on a Constant-Depth Surface 


F = pA = wha (5) 


For example, the weight-density of freshwater is 62.4 lb/ft’, so the fluid force at the bot- 
tom of a 10 ft * 20 ft rectangular swimming pool 3 ft deep is 


F 


whA = (62.4 lb/ft*)(3 f)(10 - 20 ft’) 
37,440 Ib. 


For a flat plate submerged horizontally, like the bottom of the swimming pool just 
discussed, the downward force acting on its upper face due to liquid pressure is given by 
Equation (5). If the plate is submerged vertically, however, then the pressure against it will 
be different at different depths and Equation (5) no longer is usable in that form (because 
h varies). 

Suppose we want to know the force exerted by a fluid against one side of a vertical 
plate submerged in a fluid of weight-density w. To find it, we model the plate as a region 
extending from y = a to y = b in the xy-plane (Figure 6.42). We partition [a,b] in the 
usual way and imagine the region to be cut into thin horizontal strips by planes perpen- 
dicular to the y-axis at the partition points. The typical strip from y to y + Ay is Ay units 
wide by L(y) units long. We assume L(y) to be a continuous function of y. 

The pressure varies across the strip from top to bottom. If the strip is narrow enough, 
however, the pressure will remain close to its bottom-edge value of w X (strip depth). The 
force exerted by the fluid against one side of the strip will be about 


AF = (pressure along bottom edge) X (area) 
= w+ (strip depth) - L(y) Ay. 


Assume there are n strips associated with the partition of a = y = b and that y, is the bot- 
tom edge of the kth strip having length L(y,) and width Ay,. The force against the entire 
plate is approximated by summing the forces against each strip, giving the Riemann sum 


F ~ Sw: (strip depth), * LO,)) Ay, (6) 
k=1 


The sum in Equation (6) is a Riemann sum for a continuous function on [a,b], and we 
expect the approximations to improve as the norm of the partition goes to zero. The force 
against the plate is the limit of these sums: 


n 


b 
lim > (w + (strip depth), - LGy,)) Ay, = / w (strip depth) - L(y) dy. 
1 a 


—0co 
n k 
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The Integral for Fluid Force Against a Vertical Flat Plate 


Suppose that a plate submerged vertically in fluid of weight-density w runs from 
y = ato y = b on the y-axis. Let L(y) be the length of the horizontal strip mea- 
sured from left to right along the surface of the plate at level y. Then the force 
exerted by the fluid against one side of the plate is 


b 
Fe= ? w + (strip depth) - L(y) dy. (7) 


EXAMPLE 6 A flat isosceles right-triangular plate with base 6 ft and height 3 ft is 
submerged vertically, base up, 2 ft below the surface of a swimming pool. Find the force 
exerted by the water against one side of the plate. 


Solution We establish a coordinate system to work in by placing the origin at the plate’s 
bottom vertex and running the y-axis upward along the plate’s axis of symmetry (Figure 6.43). 


z Gh _ = The surface of the pool lies along the line y = 5 and the plate’s top edge along the line 
DOal suriceAk Be eee “5 _ y = 3. The plate’s right-hand edge lies along the line y = x, with the upper-right vertex at 
a eae (3, 3). The length of a thin strip at level y is 

a tot L(y) = 2x = 2y. 

Xx, x) = (y, y) The depth of the strip beneath the surface is (5 — y). The force exerted by the water 
: against one side of the plate is therefore 
> x (ft) 
strip ) 
FH w? *Liy) d Eq. (7) 
FIGURE 6.43 To find the force on one / te ne 


side of the submerged plate in Example 6, 


we can use a coordinate system like the 


3 
i 62.4(5 — y)2y dy 
0 


one here. 


3 
124s [ (Sy — y’) dy 
0 


oe al 
= 124.8] =y? —- 1684.8 Ib. a 
2 3 ll, 
Exercises 
Springs 4. Stretching a spring If a force of 90 N stretches a spring 1 m 
1. Spring constant — It took 1800 J of work to stretch a spring from beyond its natural length, how much work does it take to stretch 
its natural length of 2 m to a length of 5 m. Find the spring’s force the spring 5 m beyond its natural length? 
constant. 5. Subway car springs It takes a force of 21,714 lb to compress a 
2. Stretching a spring A spring has a natural length of 10 in. An coil spring assembly on a New York City Transit Authority subway 
800-Ib force stretches the spring to 14 in. car from its free height of 8 in. to its fully compressed height of 5 in. 
a. Find the force constant. a. What is the assembly’s force constant? 
b. How much work is done in stretching the spring from 10 in. b. How much work does it take to compress the assembly the 
to 12 in.? first half inch? the second half inch? Answer to the nearest 
in.-lb. 


c. How far beyond its natural length will a 1600-1b force stretch 
the spring? 6. Bathroom scale A bathroom scale is compressed 1/16 in. 


when a 150-lb person stands on it. Assuming that the scale 
behaves like a spring that obeys Hooke’s Law, how much does 
someone who compresses the scale 1/8 in. weigh? How much 
work is done compressing the scale 1/8 in.? 


3. Stretching a rubber band A force of 2 N will stretch a rubber 
band 2 cm (0.02 m). Assuming that Hooke’s Law applies, how far 
will a 4-N force stretch the rubber band? How much work does it 
take to stretch the rubber band this far? 


Work Done by a Variable Force 


7. 


10. 


11. 


12. 


Lifting a rope A mountain climber is about to haul up a 50-m 
length of hanging rope. How much work will it take if the rope 
weighs 0.624 N/m? 


. Leaky sandbag A bag of sand originally weighing 144 Ib was 


lifted at a constant rate. As it rose, sand also leaked out at a con- 
stant rate. The sand was half gone by the time the bag had been 
lifted to 18 ft. How much work was done lifting the sand this far? 
(Neglect the weight of the bag and lifting equipment.) 


. Lifting an elevator cable An electric elevator with a motor at 


the top has a multistrand cable weighing 4.5 lb/ft. When the car is at 
the first floor, 180 ft of cable are paid out, and effectively 0 ft are out 
when the car is at the top floor. How much work does the motor do 
just lifting the cable when it takes the car from the first floor to the top? 


Force of attraction When a particle of mass m is at (x, 0), it is 
attracted toward the origin with a force whose magnitude is k/x?. 
If the particle starts from rest at x = b and is acted on by no other 
forces, find the work done on it by the time it reaches x = a, 
O<a<b. 


Leaky bucket Assume the bucket in Example 4 is leaking. It 
starts with 2 gal of water (16 lb) and leaks at a constant rate. It 
finishes draining just as it reaches the top. How much work was 
spent lifting the water alone? (Hint: Do not include the rope and 
bucket, and find the proportion of water left at elevation x ft.) 


(Continuation of Exercise 11.) The workers in Example 4 and 
Exercise 11 changed to a larger bucket that held 5 gal (40 Ib) of 
water, but the new bucket had an even larger leak so that it, too, 
was empty by the time it reached the top. Assuming that the water 
leaked out at a steady rate, how much work was done lifting the 
water alone? (Do not include the rope and bucket.) 


Pumping Liquids from Containers 


13. 


14. 


Pumping water The rectangular tank shown here, with its top 
at ground level, is used to catch runoff water. Assume that the 
water weighs 62.4 Ib/ft*. 


a. How much work does it take to empty the tank by pumping 
the water back to ground level once the tank is full? 


b. If the water is pumped to ground level with a (5/11)- 
horsepower (hp) motor (work output 250 ft-lb / sec), how long 
will it take to empty the full tank (to the nearest minute)? 


c. Show that the pump in part (b) will lower the water level 
10 ft (halfway) during the first 25 min of pumping. 


d. The weight of water What are the answers to parts (a) and 
(b) in a location where water weighs 62.26 Ib/ft*? 62.59 lb/ft?? 


10 ft 


Ground 


Emptying a cistern The rectangular cistern (storage tank for 
rainwater) shown has its top 10 ft below ground level. The cis- 
tern, currently full, is to be emptied for inspection by pumping its 
contents to ground level. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 
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a. How much work will it take to empty the cistern? 


b. How long will it take a 1/2-hp pump, rated at 275 ft-lb /sec, 
to pump the tank dry? 


c. How long will it take the pump in part (b) to empty the tank 
halfway? (It will be less than half the time required to empty 
the tank completely.) 


d. The weight of water What are the answers to parts (a) 
through (c) in a location where water weighs 62.26 Ib/ft*? 
62.59 Ib/ft?? 


Ground level 


0 
10 
10 ft 
20 
12 ft 


20 ft 
y 


Pumping oil How much work would it take to pump oil from 
the tank in Example 5 to the level of the top of the tank if the tank 
were completely full? 


Pumping a half-full tank Suppose that, instead of being full, 
the tank in Example 5 is only half full. How much work does it 
take to pump the remaining oil to a level 4 ft above the top of 
the tank? 


Emptying a tank A vertical right-circular cylindrical tank 
measures 30 ft high and 20 ft in diameter. It is full of kerosene 
weighing 51.2 lb/ft®. How much work does it take to pump the 
kerosene to the level of the top of the tank? 


a. Pumping milk Suppose that the conical container in Exam- 
ple 5 contains milk (weighing 64.5 Ib/ft*) instead of olive oil. 
How much work will it take to pump the contents to the rim? 


b. Pumping oil How much work will it take to pump the oil 
in Example 5 to a level 3 ft above the cone’s rim? 


The graph of y = x? on 0 S x S 2 is revolved about the y-axis 
to form a tank that is then filled with salt water from the Dead Sea 
(weighing approximately 73 Ib/ft?). How much work does it take 
to pump all of the water to the top of the tank? 


A right-circular cylindrical tank of height 10 ft and radius 5 ft is 
lying horizontally and is full of diesel fuel weighing 53 lb/ft>. 
How much work is required to pump all of the fuel to a point 15 ft 
above the top of the tank? 


Emptying a water reservoir We model pumping from spheri- 
cal containers the way we do from other containers, with the axis 
of integration along the vertical axis of the sphere. Use the figure 
here to find how much work it takes to empty a full hemispherical 
water reservoir of radius 5 m by pumping the water to a height of 
4 m above the top of the reservoir. Water weighs 9800 N/m?. 


>< 
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22. 


You are in charge of the evacuation and repair of the storage tank 
shown here. The tank is a hemisphere of radius 10 ft and is full of 
benzene weighing 56 lb/ft. A firm you contacted says it can 
empty the tank for 1/2¢ per foot-pound of work. Find the work 
required to empty the tank by pumping the benzene to an outlet 
2 ft above the top of the tank. If you have $5000 budgeted for the 
job, can you afford to hire the firm? 


y 
i Outlet pipe 


vr+yt+2=100 
j ei: 


Work and Kinetic Energy 


23. 


Kinetic energy If a variable force of magnitude F(x) moves an 
object of mass m along the x-axis from x; to x), the object’s 
velocity v can be written as dx /dt (where t represents time). Use 
Newton’s second law of motion F = m(dv/dt) and the Chain Rule 


dv _ dvdx _ dv 
dt dxdt dx 

to show that the net work done by the force in moving the object 

from x, to x, is 


x2 
We i, F(x) dx = Smvy? = Sm, 
where v, and v, are the object’s velocities at x, and x5. In phys- 
ics, the expression (1/2)mv? is called the kinetic energy of an 
object of mass m moving with velocity v. Therefore, the work 
done by the force equals the change in the object’s kinetic energy, 
and we can find the work by calculating this change. 


In Exercises 24—28, use the result of Exercise 23. 


24. 


25. 


26. 


27. 


28. 


29. 


Tennis A 2-oz tennis ball was served at 160 ft/sec (about 
109 mph). How much work was done on the ball to make it go 
this fast? (To find the ball’s mass from its weight, express the 
weight in pounds and divide by 32 ft/sec”, the acceleration of 
gravity.) 

Baseball How many foot-pounds of work does it take to throw 
a baseball 90 mph? A baseball weighs 5 oz, or 0.3125 Ib. 


Golf A 1.6-0z golf ball is driven off the tee at a speed of 280 ft/sec 
(about 191 mph). How many foot-pounds of work are done on the 
ball getting it into the air? 


On June 11, 2004, in a tennis match between Andy Roddick and 
Paradorn Srichaphan at the Stella Artois tournament in London, 
England, Roddick hit a serve measured at 153 mi/h. How much 
work was required by Andy to serve a 2-oz tennis ball at that speed? 


Softball How much work has to be performed on a 6.5-0z soft- 
ball to pitch it 132 ft/sec (90 mph)? 


Drinking a milkshake The truncated conical container shown 
here is full of strawberry milkshake that weighs 4/9 oz/in?. As 
you can see, the container is 7 in. deep, 2.5 in. across at the base, 
and 3.5 in. across at the top (a standard size at Brigham’s in 
Boston). The straw sticks up an inch above the top. About how 


much work does it take to suck up the milkshake through the 
straw (neglecting friction)? Answer in inch-ounces. 


x 
1.25 


Dimensions in inches 


30. Water tower Your town has decided to drill a well to increase 


its water supply. As the town engineer, you have determined that 
a water tower will be necessary to provide the pressure needed for 
distribution, and you have designed the system shown here. The 
water is to be pumped from a 300-ft well through a vertical 4-in. 
pipe into the base of a cylindrical tank 20 ft in diameter and 25 ft 
high. The base of the tank will be 60 ft above ground. The pump 
is a 3-hp pump, rated at 1650 ft- lb/sec. To the nearest hour, how 
long will it take to fill the tank the first time? (Include the time it 
takes to fill the pipe.) Assume that water weighs 62.4 lb/ft’. 


10ft}— 


Ground 


4 in. 
300 ft 
Water surface 


Submersible pump 


NOT TO SCALE 


31. Putting a satellite in orbit The strength of Earth’s gravita- 


tional field varies with the distance r from Earth’s center, and the 
magnitude of the gravitational force experienced by a satellite of 
mass m during and after launch is 


Here, M = 5.975 X 10*%*kg is Earth’s mass, G = 6.6720 X 
10°! N+ m? kg is the universal gravitational constant, and r is 
measured in meters. The work it takes to lift a 1000-kg satellite 
from Earth’s surface to a circular orbit 35,780 km above Earth’s 
center is therefore given by the integral 


35,780,000 
Work = | as ip joules. 
6 


2 
370,000 r 


Evaluate the integral. The lower limit of integration is Earth’s 
radius in meters at the launch site. (This calculation does not take 
into account energy spent lifting the launch vehicle or energy 
spent bringing the satellite to orbit velocity.) 


32. Forcing electrons together Two electrons r meters apart repel 
each other with a force of 


_ 23 x 10 


F 2 


newtons. 
r 

a. Suppose one electron is held fixed at the point (1, 0) on the 
X-axis (units in meters). How much work does it take to move 
a second electron along the x-axis from the point (—1, 0) to 
the origin? 

b. Suppose an electron is held fixed at each of the points (— 1, 0) 
and (1, 0). How much work does it take to move a third elec- 
tron along the x-axis from (5, 0) to (3, 0)? 


Finding Fluid Forces 
33. Triangular plate Calculate the fluid force on one side of the 
plate in Example 6 using the coordinate system shown here. 


y (ft) 
A 


> x (ft) 


‘ 0 #5 
7 
Depth|y| 


34. Triangular plate Calculate the fluid force on one side of the 
plate in Example 6 using the coordinate system shown here. 


y (ft) 
A 


Pool surface Jat y = 2 


IE 
x (ft) 


=3 


35. Rectangular plate In a pool filled with water to a depth of 
10 ft, calculate the fluid force on one side of a 3 ft by 4 ft rectan- 


gular plate if the plate rests vertically at the bottom of the pool 
a. on its 4-ft edge. b. on its 3-ft edge. 


36. Semicircular plate Calculate the fluid force on one side of a 
semicircular plate of radius 5 ft that rests vertically on its diame- 
ter at the bottom of a pool filled with water to a depth of 6 ft. 


Surface of water 


x 


37. Triangular plate The isosceles triangular plate shown here is 
submerged vertically 1 ft below the surface of a freshwater lake. 


a. Find the fluid force against one face of the plate. 
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b. What would be the fluid force on one side of the plate if the 
water were seawater instead of freshwater? 


Surface level 


ot, [ua 


| 


4 ft 


/__| 


38. Rotated triangular plate The plate in Exercise 37 is revolved 
180° about line AB so that part of the plate sticks out of the lake, 
as shown here. What force does the water exert on one face of the 
plate now? 


3 ft 
Surface 
| level 
1 ft 
A B i 


}——4 ft ——| 


39. New England Aquarium The viewing portion of the rectangular 
glass window in a typical fish tank at the New England Aquarium in 
Boston is 63 in. wide and runs from 0.5 in. below the water’s surface 
to 33.5 in. below the surface. Find the fluid force against this portion 
of the window. The weight-density of seawater is 64 lb/ft’. (In case 
you were wondering, the glass is 3/4 in. thick and the tank walls 
extend 4 in. above the water to keep the fish from jumping out.) 


40. Semicircular plate A semicircular plate 2 ft in diameter sticks 
straight down into freshwater with the diameter along the surface. 
Find the force exerted by the water on one side of the plate. 

41. Tilted plate Calculate the fluid force on one side of a 5 ft by 
5 ft square plate if the plate is at the bottom of a pool filled with 
water to a depth of 8 ft and 
a. lying flat on its 5 ft by 5 ft face. 

b. resting vertically on a 5-ft edge. 
c. resting on a 5-ft edge and tilted at 45° to the bottom of the pool. 

42. Tilted plate Calculate the fluid force on one side of a right- 
triangular plate with edges 3 ft, 4 ft, and 5 ft if the plate sits at the 
bottom of a pool filled with water to a depth of 6 ft on its 3-ft 
edge and tilted at 60° to the bottom of the pool. 

43. The cubical metal tank shown here has a parabolic gate held in 
place by bolts and designed to withstand a fluid force of 160 lb 
without rupturing. The liquid you plan to store has a weight- 
density of 50 Ib/ft?. 

a. What is the fluid force on the gate when the liquid is 2 ft deep? 
b. What is the maximum height to which the container can be 
filled without exceeding the gate’s design limitation? 
4 ft 


y (ft) 


4 ft 


Enlarged view of 
parabolic gate 


Parabolic gate 
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44. 


45. 


46. 


47. 


The end plates of the trough shown here were designed to with- 
stand a fluid force of 6667 Ib. How many cubic feet of water can 
the tank hold without exceeding this limitation? Round down to 
the nearest cubic foot. What is the value of h? 


Cf 
y Gy 8 ft 


(4, 10) — 


x (ft) 30 ft 


mn Dimensional 
a 


view of trough 


End view of trough 


A vertical rectangular plate a units long by b units wide is sub- 
merged in a fluid of weight-density w with its long edges parallel 
to the fluid’s surface. Find the average value of the pressure along 
the vertical dimension of the plate. Explain your answer. 


(Continuation of Exercise 45.) Show that the force exerted by the 
fluid on one side of the plate is the average value of the pressure 
(found in Exercise 45) times the area of the plate. 


Water pours into the tank shown here at the rate of 4 ft?/min. The 
tank’s cross-sections are 4-ft-diameter semicircles. One end of 
the tank is movable, but moving it to increase the volume 


6.6 Moments and Centers of Mass 


Many structures and mechanical systems behave as if their masses were concentrated at a 
single point, called the center of mass (Figure 6.44). It is important to know how to locate 
this point, and doing so is basically a mathematical enterprise. Here we consider masses 
distributed along a line or region in the plane. Masses distributed across a region or curve 
in three-dimensional space are treated in Chapters 15 and 16. 


Masses Along a Line 


compresses a spring. The spring constant is k = 100 lb/ft. If the 
end of the tank moves 5 ft against the spring, the water will drain 
out of a safety hole in the bottom at the rate of 5 ft?/min. Will the 
movable end reach the hole before the tank overflows? 


Movable end Water in 
y 
| weer] ge 
z y ee 
Drain on Movable ww 
hole end 
Side view 


Drain 2" 

hole 

48. Watering trough The vertical ends of a watering trough are 
squares 3 ft on a side. 


a. Find the fluid force against the ends when the trough is full. 


b. How many inches do you have to lower the water level in the 
trough to reduce the fluid force by 25%? 


We develop our mathematical model in stages. The first stage is to imagine masses m,, mb, 
and mz; on a rigid x-axis supported by a fulcrum at the origin. 


xy 
ad 


Xy x3 


m 


eo—> x 
/\ My m3 

Fulcrum 

at origin 


The resulting system might balance, or it might not, depending on how large the masses 
are and how they are arranged along the x-axis. 

Each mass m, exerts a downward force m,g (the weight of 7,,) equal to the magnitude of 
the mass times the acceleration due to gravity. Note that gravitational acceleration is downward, 
hence negative. Each of these forces has a tendency to turn the x-axis about the origin, the way 
a child turns a seesaw. This turning effect, called a torque, is measured by multiplying the force 
m,g by the signed distance x, from the point of application to the origin. By convention, a 
positive torque induces a counterclockwise turn. Masses to the left of the origin exert positive 
(counterclockwise) torque. Masses to the right of the origin exert negative (clockwise) torque. 

The sum of the torques measures the tendency of a system to rotate about the origin. 
This sum is called the system torque. 


System torque = m gx, + mygx2 + m3gXx3 (1) 


e 
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FIGURE 6.44 A wrench gliding on 
ice turning about its center of mass 

as the center glides in a vertical line. 
(Source: PSSC Physics, 2nd ed., 
Reprinted by permission of Education 
Development Center, Inc.) 


my 
(Xp Vp) 


x 


FIGURE 6.45 Each mass m, has a 
moment about each axis. 
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The system will balance if and only if its torque is zero. 
If we factor out the g in Equation (1), we see that the system torque is 


BS * (MX, + MX + 3X3). 
5 


a feature of the a feature of 
environment the system 


Thus, the torque is the product of the gravitational acceleration g, which is a feature of the 
environment in which the system happens to reside, and the number (mx, + 
MyX, + 3X3), Which is a feature of the system itself, a constant that stays the same no 
matter where the system is placed. 

The number (m,x, + mx, + m3x;3) is called the moment of the system about the 
origin. It is the sum of the moments 1, x,, 7X, 3X; of the individual masses. 


My = Moment of system about origin = > MX 


(We shift to sigma notation here to allow for sums with more terms.) 
We usually want to know where to place the fulcrum to make the system balance, that 
is, at what point x to place it to make the torques add to zero. 


xy 0 x x3 


- ied @—>x 
Special location 
for balance 


The torque of each mass about the fulcrum in this special location is 


signed 2) Gag 


Torque of m, about x = ( force 


of m, from x 
= (% — x). 


When we write the equation that says that the sum of these torques is zero, we get an equa- 
tion we can solve for x: 


ES (X%, — X)Mg 
= = MYX, 


a Solved for x 
mm 
This last equation tells us to find x by dividing the system’s moment about the origin by 
the system’s total mass: 


0 Sum of the torques equals zero. 


> mX; system moment about origin 
p> mM system mass 


(2) 


The point x is called the system’s center of mass. 


Masses Distributed over a Plane Region 


Suppose that we have a finite collection of masses located in the plane, with mass m, at 
the point (%, y,) (see Figure 6.45). The mass of the system is 


System mass: M= ys Mm. 


Each mass m, has a moment about each axis. Its moment about the x-axis is my, and 
its moment about the y-axis is m,x,. The moments of the entire system about the two 
axes are 


Moment about x-axis: M, = > Me 


Moment about y-axis: My, = y MX. 
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FIGURE 6.46 A two-dimensional array 
of masses balances on its center of mass. 


Strip of mass Am 


Sti 


0 


FIGURE 6.47 A plate cut into thin 
strips parallel to the y-axis. The moment 
exerted by a typical strip about each axis 
is the moment its mass Am would exert if 
concentrated at the strip’s center of mass 
(x, ¥). 


The x-coordinate of the system’s center of mass is defined to be 


M, y MXy 

a (3) 
M » m, 
With this choice of x, as in the one-dimensional case, the system balances about the line 


x = x (Figure 6.46). 
The y-coordinate of the system’s center of mass is defined to be 


y= 


5 = Me Dede és 
Be M Sm 


With this choice of y, the system balances about the line y = y as well. The torques 
exerted by the masses about the line y = y cancel out. Thus, as far as balance is con- 
cerned, the system behaves as if all its mass were at the single point (x, y). We call this 
point the system’s center of mass. 


Thin, Flat Plates 


In many applications, we need to find the center of mass of a thin, flat plate: a disk of alu- 
minum, say, or a triangular sheet of steel. In such cases, we assume the distribution of 
mass to be continuous, and the formulas we use to calculate x and y contain integrals 
instead of finite sums. The integrals arise in the following way. 

Imagine that the plate occupying a region in the xy-plane is cut into thin strips parallel 
to one of the axes (in Figure 6.47, the y-axis). The center of mass of a typical strip is 
(x, y). We treat the strip’s mass Am as if it were concentrated at (x, y). The moment of 
the strip about the y-axis is then x Am. The moment of the strip about the x-axis is y Am. 
Equations (3) and (4) then become 


ja My > % Am -_ M, DF Am 
“MS Am? MS Am * 


The sums are Riemann sums for integrals and approach these integrals as limiting values 
as the strips into which the plate is cut become narrower and narrower. We write these 
integrals symbolically as 


[dm — fam 


Moments, Mass, and Center of Mass of a Thin Plate Covering a Region in 
the xy-Plane 


Moment about the x-axis: M, = / ydm 


Moment about the y-axis: M, = / di 
(5) 
Mass: M= / dm 
. gee. ol 
Center of mass: tap Vy 


Density of a plate 
A material’s density is its mass per unit 


area. For wires, rods, and narrow strips, 
we use mass per unit length. 


> x (cm) 


y 


Strip c.m. 
is halfway. 
(X, ¥) = @, x) 


safe 1 
Units in centimeters 


FIGURE 6.49 Modeling the plate in 
Example 1 with vertical strips. 


(1, 2) 


Strip c.m. 
is halfway. 


«n= C22) 


> x (cm) 


FIGURE 6.50 Modeling the plate in 
Example 1 with horizontal strips. 
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The differential dm is the mass of the strip. For this section, we assume the density 6 of the 
plate is a constant or a continuous function of x. Then dm = 6 dA, which is the mass per 
unit area 6 times the area dA of the strip. 

To evaluate the integrals in Equations (5), we picture the plate in the coordinate plane 
and sketch a strip of mass parallel to one of the coordinate axes. We then express the 
strip’s mass dm and the coordinates (x, Vy) of the strip’s center of mass in terms of x or y. 
Finally, we integrate y dm, x dm, and dm between limits of integration determined by the 
plate’s location in the plane. 


EXAMPLE 1 The triangular plate shown in Figure 6.48 has a constant density of 
5 = 3 g/cm”. Find 


(a) the plate’s moment M, about the y-axis. 

(b) the plate’s mass M. 

(c) the x-coordinate of the plate’s center of mass (c.m.). 
Solution Method 1: Vertical Strips (Figure 6.49) 


(a) The moment M,: The typical vertical strip has the following relevant data. 


center of mass (c.m.): (x, ¥) = (x, x) 
length: 2x 
width: dx 


area: dA = 2x dx 
mass: dm = 6dA = 3+2x dx = 6x dx 
distance of c.m. from y-axis: x=x 


The moment of the strip about the y-axis is 
xX dm = x* 6x dx = 6x" dx. 


The moment of the plate about the y-axis is therefore 


: 1 
u,- [edn = f 6 de = 28| = 2g-cm. 
; 0 0 


(b) The plate’s mass: 
1 1 
m= [ an= f ocar=30| = 3g. 
0 0 


(c) The x-coordinate of the plate’s center of mass: 


My 2g-cm_ 2 
M” 3g 3 


x= cm. 


By a similar computation, we could find M, and y = M,/M. 


Method 2: Horizontal Strips (Figure 6.50) 


(a) The moment M,: The y-coordinate of the center of mass of a typical horizontal strip is 
y (see the figure), so 
Veet 
The x-coordinate is the x-coordinate of the point halfway across the triangle. This 


makes it the average of y /2 (the strip’s left-hand x-value) and | (the strip’s right-hand 
x-value): 


a VP) 91.9"? 
i 2 4° 9 A 


408 


y=4- x 
Center of mass 


>X 


FIGURE 6.51 Modeling the plate in 
Example 2 with vertical strips. 
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We also have 


ee oa 
length: 1 a) 
width: dy 
2—y 
area: dA = — dy 
2 
27y 
mass: dm = 6dA = 3: 5) dy 
wai yt? 
distance of c.m. to y-axis: : ae a me 


The moment of the strip about the y-axis is 
yt?2 3 2=y 
4 2 


x dm = 


3 
dy = (4 — y’) dy. 


The moment of the plate about the y-axis is 


2 32 
« be 3 ; 3 y 3 (16 
w= [ea - [34 as 3|2 |, (9) =28 oo 


(b) The plate’s mass: 


2 272 
-_ - 3 _3 y = 3 _ 
M= } dm | 5 (2 y) dy 3|oy I, 7 4 2) = 3g. 


(c) The x-coordinate of the plate’s center of mass: 


_ My 2g-cm 2 
x~ V7 3g = 3, cil): 


By a similar computation, we could find M, and y. 


If the distribution of mass in a thin, flat plate has an axis of symmetry, the center of 
mass will lie on this axis. If there are two axes of symmetry, the center of mass will lie at 


their intersection. These facts often help to simplify our work. 


EXAMPLE 2 


Find the center of mass of a thin plate covering the region bounded 


above by the parabola y = 4 — x? and below by the x-axis (Figure 6.51). Assume the den- 
sity of the plate at the point (x, y) is 6 = 2x’, which is twice the square of the distance 


from the point to the y-axis. 


Solution The mass distribution is symmetric about the y-axis, so ¥ = 0. We model the 
distribution of mass with vertical strips, since the density is given as a function of the vari- 


able x. The typical vertical strip (see Figure 6.51) has the following relevant data. 


@n-(s45") 


length: 4 — x? 
width: dx 
area: dA = (4 — x*) dx 
mass: dm= 6dA = 54 — x*) dx 


: , ~ 4-7 
distance from c.m. to x-axis: tae ae 


center of mass (c.m.): 


The moment of the strip about the x-axis is 
= a 


2 


y dm = 4 » 6(4 — x) dx = S 4 x) dx. 
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The moment of the plate about the x-axis is 


2 2 
M, = [oan = / 2 (4 — x) dx = / x2(4 — x2)? dx 
2 2 
2 


2048 
= 2 4 6 a 
[ (a6 8x* + x°) dx 105 


2 2 
M= am = | 4 -x)dr= | 2x?(4 — x?) dx 
~2 2 
2 


_ 2_ 9,4) a. — 256 
[ow 2x*) dx 15° 


Therefore, 


__M, 2048 15 _ 8 
YM” 105 256 7° 


The plate’s center of mass is 


y @,y) = (0 8). - 
y = f(x) 


Plates Bounded by Two Curves 


Suppose a plate covers a region that lies between two curves y = g(x) and y = f(x), 


| 
| 
| ¥ = g@) 1 | | where f(x) = g(x) anda = x S b. The typical vertical strip (see Figure 6.52) has 
| 11 | 
0 ° ae . center of mass (c.m.): (x, ¥) = (x, [f@) + g(x) }) 
length: f(x) — g@) 
FIGURE 6.52 Modeling the plate bounded width: ae 


by two curves with vertical strips. The strip 


area: dA = [ f(x) — g(x) ] dx 


: es 1 
.m. is halfway, => + ; 
cm. is halfway, so ¥ = 5 [ f(x) + g9(x)] se d= Bah = 3 FQ) — 200 1 


The moment of the plate about the y-axis is 


b 
M, = [oan = / x6[ f(x) — g(x) ] dx, 


and the moment about the x-axis is 


b 
m= fyan= [ FLAG) + g@)] -8[ F0) — g@)] dx 
bs ‘ 
-/ 5 LPO) — 9°@)] ae. 


These moments give the formulas 


b 
T= yf axlso) ~ eeo]en (6) 


b 
y= ay | 31 Pe - eco) a ) 


410 


>X 


FIGURE 6.53 The region in Example 3. 


y 
A typical small 
segment of wire has 


dm = 6 ds = dado. 


(X, ¥) = 
(a cos0, a sin®) 


>X 


>< 


> X 


(b) 


FIGURE 6.54 The semicircular wire in 
Example 4. (a) The dimensions and 
variables used in finding the center of 
mass. (b) The center of mass does not lie 
on the wire. 
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EXAMPLE 3 Find the center of mass for the thin plate bounded by the curves 


g(x) = x/2 and f(x) = Vx, 0 =x = 1| (Figure 6.53), using Equations (6) and (7) with 


the density function 5(x) = x’. 


Solution We first compute the mass of the plate, where dm = 6[ f(x) — g(x) ] dx: 


' x ; x 2 1 : 9 
_ 2 x = 5/2 = 7/2 Ay 
M= | x (vs *) dx 7 (« -) dx E gt | 56° 


Then from Equations (6) and (7) we get 


1 
eo vea(Ve-S) ae 


9 


107 |, 405°’ 
and 
1 
—__ 56 x? 
y= 9 / ¥(: ) 
0 
28 f. ( 4 
= 3_* 
= x = = bide 
oan 4 
_ 28/1 4_ 1 5) _ 252 
9|4 20° |, 405° 
The center of mass is shown in Figure 6.53. a 
Centroids 


The center of mass in Example 3 is not located at the geometric center of the region. This 
is due to the region’s nonuniform density. When the density function is constant, it can- 
cels out of the numerator and denominator of the formulas for x and y. Thus, when the 
density is constant, the location of the center of mass is a feature of the geometry of the 
object and not of the material from which it is made. In such cases, engineers may call 
the center of mass the centroid of the shape, as in “Find the centroid of a triangle or a 
solid cone.” To do so, just set 6 equal to | and proceed to find x and y as before, by divid- 
ing moments by masses. 


EXAMPLE 4 Find the center of mass (centroid) of a thin wire of constant density 6 
shaped like a semicircle of radius a. 


Solution We model the wire with the semicircle y = Va? — x? (Figure 6.54). The dis- 
tribution of mass is symmetric about the y-axis, so x = 0. To find y, we imagine the wire 
divided into short subarc segments. If (x, y) is the center of mass of a subarc and @ is the 
angle between the x-axis and the radial line joining the origin to (x, y), then y = asin 
is a function of the angle 0 measured in radians (see Figure 6.54a). The length ds of the 
subare containing (x, y) subtends an angle of d@ radians, so ds = a dé. Thus a typical 
subarc segment has these relevant data for calculating y: 


ds = ad@ 
dm = 6ds = 6ad0 


y = asiné@. 


length: 
Mass per unit length 


mass: times length 


distance of c.m. to x-axis: 


Surface level of fluid 


h = centroid depth 


Plate centroid 


FIGURE 6.55 = The force against one 
side of the plate is w+ h- plate area. 
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Hence, 


[¥dm_ [asin@-8ad0  da?[-cosO]f 9 
= - = 7a. 


a fam ti da dé dav i 


The center of mass lies on the axis of symmetry at the point (0, 2a/7r), about two-thirds of 
the way up from the origin (Figure 6.54b). Notice how 6 cancels in the equation for y, so 
we could have set 6 = 1 everywhere and obtained the same value for y. a 


In Example 4 we found the center of mass of a thin wire lying along the graph of a 
differentiable function in the xy-plane. In Chapter 16 we will learn how to find the center 
of mass of a wire lying along a more general smooth curve in the plane or in space. 


Fluid Forces and Centroids 


If we know the location of the centroid of a submerged flat vertical plate (Figure 6.55), we 
can take a shortcut to find the force against one side of the plate. From Equation (7) in 
Section 6.5, and the definition of the moment about the x-axis, we have 


b 
F / w X (strip depth) x L(y) dy 


b 
w | (strip depth) X L(y) dy 


= w X (moment about surface level line of region occupied by plate) 


= w X (depth of plate’s centroid) X (area of plate). 


Fluid Forces and Centroids 


The force of a fluid of weight-density w against one side of a submerged flat ver- 
tical plate is the product of w, the distance from the plate’s centroid to the fluid 
surface, and the plate’s area: 


F = wha. (8) 


EXAMPLE 5 A flat isosceles triangular plate with base 6 ft and height 3 ft is sub- 
merged vertically, base up with its vertex at the origin, so that the base is 2 ft below the 
surface of a swimming pool. (This is Example 6, Section 6.5.) Use Equation (8) to find the 
force exerted by the water against one side of the plate. 


Solution The centroid of the triangle (Figure 6.43) lies on the y-axis, one-third of the 
way from the base to the vertex, so h = 3 (where y = 2), since the pool’s surface is 
y = 5. The triangle’s area is 


A= + (base)(height) = +63) = 9. 


Hence, 


F = whA = (62.4)(3)(9) = 1684.8 lb. Oo 


The Theorems of Pappus 


In the fourth century, an Alexandrian Greek named Pappus discovered two formulas that 
relate centroids to surfaces and solids of revolution. The formulas provide shortcuts to a 
number of otherwise lengthy calculations. 
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>< 


Centroid 


FIGURE 6.56 The region R is to be 
revolved (once) about the x-axis to gener- 
ate a solid. A 1700-year-old theorem says 
that the solid’s volume can be calculated 
by multiplying the region’s area by the 
distance traveled by its centroid during the 
revolution. 


Distance from axis of 
revolution to centroid 


2 


Area: 7a 
Circumference: 27ra 


FIGURE 6.57 With Pappus’s first 
theorem, we can find the volume of a torus 
without having to integrate (Example 6). 


=: a@Centroid 
307 


—a 0| 


FIGURE 6.58 With Pappus’s first 
theorem, we can locate the centroid of 
a semicircular region without having to 
integrate (Example 7). 
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THEOREM 1 Pappus’s Theorem for Volumes If a plane region is revolved 
once about a line in the plane that does not cut through the region’s interior, then 
the volume of the solid it generates is equal to the region’s area times the distance 
traveled by the region’s centroid during the revolution. If p is the distance from 
the axis of revolution to the centroid, then 


V = 277A. (9) 


Proof We draw the axis of revolution as the x-axis with the region R in the first quad- 
rant (Figure 6.56). We let L(y) denote the length of the cross-section of R perpendicular to 
the y-axis at y. We assume L(y) to be continuous. 

By the method of cylindrical shells, the volume of the solid generated by revolving 
the region about the x-axis is 


d d 
V= / 277(shell radius)(shell height) dy = 27 / y L(y) dy. (10) 


The y-coordinate of R’s centroid is 


d d 
pia frwe 


v= A = A > y = y,dA = Liyy)dy 


so that 
d 
i y Ly) dy = Ay. 


Substituting Ay for the last integral in Equation (10) gives V = 27yA. With p equal to y, 
we have V = 277pA. a 


EXAMPLE 6 Find the volume of the torus (doughnut) generated by revolving a circular 
disk of radius a about an axis in its plane at a distance b = a from its center (Figure 6.57). 


Solution We apply Pappus’s Theorem for volumes. The centroid of a disk is located at 
its center, the area is A = zra*, and p = b is the distance from the centroid to the axis of 
revolution (see Figure 6.57). Substituting these values into Equation (9), we find the vol- 
ume of the torus to be 


V = 2m(b)(ma’) = 27°ba?. | 


The next example shows how we can use Equation (9) in Pappus’s Theorem to find one 
of the coordinates of the centroid of a plane region of known area A when we also know the 
volume V of the solid generated by revolving the region about the other coordinate axis. 
That is, if y is the coordinate we want to find, we revolve the region around the x-axis so 
that y = p is the distance from the centroid to the axis of revolution. The idea is that the 
rotation generates a solid of revolution whose volume V is an already known quantity. Then 
we can solve Equation (9) for p, which is the value of the centroid’s coordinate y. 


EXAMPLE 7 


Locate the centroid of a semicircular region of radius a. 


Solution We consider the region between the semicircle y = Va? — x? (Figure 6.58) and 
the x-axis and imagine revolving the region about the x-axis to generate a solid sphere. By 
symmetry, the x-coordinate of the centroid is x = 0. With y = p in Equation (9), we have 


> V (4/3)ma3 4 
Y QnA ~ Qa /2yma2 30 


ds 


b A 


FIGURE 6.59 Figure for proving 
Pappus’s Theorem for surface area. The 


x 


arc length differential ds is given by 
Equation (6) in Section 6.3. 
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THEOREM 2—Pappus’s Theorem for Surface Areas If an arc of a smooth 
plane curve is revolved once about a line in the plane that does not cut through 
the arc’s interior, then the area of the surface generated by the arc equals the 
length L of the arc times the distance traveled by the arc’s centroid during the 
revolution. If p is the distance from the axis of revolution to the centroid, then 


S = 2p. (11) 


The proof we give assumes that we can model the axis of revolution as the x-axis and the 
arc as the graph of a continuously differentiable function of x. 


Proof We draw the axis of revolution as the x-axis with the arc extending from x = a 

to x = b in the first quadrant (Figure 6.59). The area of the surface generated by the arc is 
x=b x=b 

S= / 2try ds = anf yds. (12) 


The y-coordinate of the arc’s centroid is 


x=b x=b 
y ds ds 
a y _ y L= fas is the arc’s 
a x—a x=a 


y= b = L : length and y = y. 


Hence 


x=b 
/ yds = yL. 
x=a 


Substituting yZ for the last integral in Equation (12) gives S = 2ayL. With p equal to y, 
we have S = 27rpL. a 


EXAMPLE 8 __ Use Pappus’s area theorem to find the surface area of the torus in Example 6. 


Solution From Figure 6.57, the surface of the torus is generated by revolving a circle of 
radius a about the z-axis, and b = a is the distance from the centroid to the axis of revolu- 
tion. The arc length of the smooth curve generating this surface of revolution is the cir- 
cumference of the circle, so L = 27ra. Substituting these values into Equation (11), we 
find the surface area of the torus to be 


S = 2n(b)(2aa) = 47ba. 2 


3. The region bounded by the parabola y = x — x? and the line 


In Exercises 1-14, find the center of mass of a thin plate of constant y= -x 


density 6 covering the given region. 


4. The region enclosed by the parabolas y = x? — 3 and y = —2x? 


1. The region bounded by the parabola y = x? and the line y = 4 5. The region bounded by the y-axis and the curve x = y — y3, 
2. The region bounded by the parabola y = 25 — x? and the x-axis O=yel 
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6. The region bounded by the parabola x = y? — y and the line 
yur 

7. The region bounded by the x-axis and the curve y = cos x, 
—a7/2sxs 7/2 

8. The region between the curve y = sec?x, —7/4 <x < 7/4 
and the x-axis 


9. The region between the curve y = 1/x and the x-axis from x = 1 


to x = 2. Give the coordinates to two decimal places. 
10. a. The region cut from the first quadrant by the circle x7 + y? = 9 


b. The region bounded by the x-axis and the semicircle 
y= V9 — x? 
Compare your answer in part (b) with the answer in part (a). 

11. The region in the first and fourth quadrants enclosed by the 
curves y = 1/(1 + x”) and y = —1/(1 + x’) and by the lines 
x= Oandx=1 

12. The region bounded by the parabolas y = 2x? — 4x and 
y= 2r-— x 

13. The region between the curve y = 1/Vx and the x-axis from 
x=1ltox= 16 

14. The region bounded above by the curve y = 1/x°, below by the 
curve y = —1/x°, and on the left and right by the lines x = 1 
and x = a > 1. Also, find lim,—00 x. 


Thin Plates with Varying Density 

15. Find the center of mass of a thin plate covering the region 
between the x-axis and the curve y = 2/x*, 1=x S 2, if the 
plate’s density at the point (x, y) is (x) = x’. 

16. Find the center of mass of a thin plate covering the region 
bounded below by the parabola y = x? and above by the line 
y = x if the plate’s density at the point (x, y) is d(x) = 12x. 

17. The region bounded by the curves y = +4/\Vx and the lines 
x = | and x = 4 is revolved about the y-axis to generate a solid. 


a. Find the volume of the solid. 


b. Find the center of mass of a thin plate covering the region if 
the plate’s density at the point (x, y) is d(x) = 1/x. 


c. Sketch the plate and show the center of mass in your sketch. 


18. The region between the curve y = 2/x and the x-axis from x = 1 
to x = 4 is revolved about the x-axis to generate a solid. 


a. Find the volume of the solid. 


b. Find the center of mass of a thin plate covering the region if 
the plate’s density at the point (x, y) is 6(x) = Vx. 


c. Sketch the plate and show the center of mass in your sketch. 


Centroids of Triangles 

19. The centroid of a triangle lies at the intersection of the trian- 
gle’s medians You may recall that the point inside a triangle 
that lies one-third of the way from each side toward the opposite 
vertex is the point where the triangle’s three medians intersect. 
Show that the centroid lies at the intersection of the medians by 
showing that it too lies one-third of the way from each side 
toward the opposite vertex. To do so, take the following steps. 


i) Stand one side of the triangle on the x-axis as in part (b) of 
the accompanying figure. Express dm in terms of L and dy. 


ii) Use similar triangles to show that L = (b/h)(h — y). Sub- 
stitute this expression for L in your formula for dm. 


iii) Show that y = h/3. 


iv) Extend the argument to the other sides. 


a 

\~: 
_€entroids — 

al \ > 


a 


(a) (b) 


Use the result in Exercise 19 to find the centroids of the triangles 
whose vertices appear in Exercises 20-24. Assume a, b > 0. 


20. (—1, 0), (1, 0), (0, 3) 21. (0,0), (1, 0), (0, 1) 

22. (0, 0), (a, 0), (0, a) 23. (0, 0), (a, 0), (0, b) 

24. (0, 0), (a, 0), (a/2, b) 

Thin Wires 

25. Constant density Find the moment about the x-axis of a wire 


of constant density that lies along the curve y = Vx from x = 0 
tox = 2. 


26. Constant density Find the moment about the x-axis of a wire 
of constant density that lies along the curve y = x* from x = 0 
tox = 1. 


27. Variable density Suppose that the density of the wire in Exam- 
ple 4 is 6 = ksin @ (k constant). Find the center of mass. 


28. Variable density Suppose that the density of the wire in Exam- 
ple 4 is 8 = 1 + k|cos 6| (k constant). Find the center of mass. 


Plates Bounded by Two Curves 

In Exercises 29-32, find the centroid of the thin plate bounded by the 
graphs of the given functions. Use Equations (6) and (7) with 6 = 1 
and M = area of the region covered by the plate. 


29. e(x) =x* and f(xy) =x+6 

30. e(x) =x? (e+ 1, f(x) =2, and x=0 

31. g(x) = x(x -— 1) and f(x) = x? 

32. g(x) = 0, f(x) = 24+ sinx, x=0, and x= 27 


(Hint: / x sinx dx = sinx — xcosx + C.) 


Theory and Examples 
Verify the statements and formulas in Exercises 33 and 34. 


33. The coordinates of the centroid of a differentiable plane curve are 


di x ds i yds 
x= ‘ y= 
length length 


34. 


>X 


0 


Whatever the value of p > 0 in the equation y = x/(4p), the 
y-coordinate of the centroid of the parabolic segment shown here 
is y = (3/5)a. 


>X 


The Theorems of Pappus 


35. 


36. 


37. 


38. 


The square region with vertices (0, 2), (2, 0), (4, 2), and (2, 4) is 
revolved about the x-axis to generate a solid. Find the volume and 
surface area of the solid. 


Use a theorem of Pappus to find the volume generated by revolv- 
ing about the line x = 5 the triangular region bounded by the 
coordinate axes and the line 2x + y = 6 (see Exercise 19). 


Find the volume of the torus generated by revolving the circle 
(x — 2)? + y? = 1 about the y-axis. 


Use the theorems of Pappus to find the lateral surface area and the 
volume of a right-circular cone. 


39. 


40. 


41. 


42. 


43. 


44. 
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Use Pappus’s Theorem for surface area and the fact that the sur- 
face area of a sphere of radius a is 47a’ to find the centroid of the 


semicircle y = Va? — x. 


As found in Exercise 39, the centroid of the semicircle 
y = Va’* — x* lies at the point (0, 2a/7r). Find the area of the 
surface swept out by revolving the semicircle about the line y = a. 


The area of the region R enclosed by the semiellipse 
y = (b/a)Va@ — x? and the x-axis is (1/2)zab, and the volume 
of the ellipsoid generated by revolving R about the x-axis is 
(4/3)mab?. Find the centroid of R. Notice that the location is 
independent of a. 


As found in Example 7, the centroid of the region enclosed by the 
x-axis and the semicircle y = Va? — x* lies at the point 
(0, 4a/37r). Find the volume of the solid generated by revolving 
this region about the line y = —a. 


The region of Exercise 42 is revolved about the line y = x — a 
to generate a solid. Find the volume of the solid. 

As found in Exercise 39, the centroid of the semicircle 
y = Va’ — x* lies at the point (0, 2a/7r). Find the area of the 
surface generated by revolving the semicircle about the line 
y=Hx-a. 


In Exercises 45 and 46, use a theorem of Pappus to find the centroid 
of the given triangle. Use the fact that the volume of a cone of radius r 
and height h is V = + rh. 


46. y (a, c) 
(0, b) 
(a, b) 
x >X 
(0, 0) (a, 0) (0, 0) 


Chapter 6 Questions to Guide Your Review 


1. 


How do you define and calculate the volumes of solids by the 
method of slicing? Give an example. 


How are the disk and washer methods for calculating volumes 
derived from the method of slicing? Give examples of volume 
calculations by these methods. 


Describe the method of cylindrical shells. Give an example. 


. How do you find the length of the graph of a smooth function 


over a closed interval? Give an example. What about functions 
that do not have continuous first derivatives? 


How do you define and calculate the area of the surface swept out 
by revolving the graph of a smooth function y = f(x), a = x = b, 
about the x-axis? Give an example. 


6. 


10. 


How do you define and calculate the work done by a variable 
force directed along a portion of the x-axis? How do you calculate 
the work it takes to pump a liquid from a tank? Give examples. 


. How do you calculate the force exerted by a liquid against a por- 


tion of a flat vertical wall? Give an example. 


. What is a center of mass? a centroid? 


. How do you locate the center of mass of a thin flat plate of mate- 


rial? Give an example. 


How do you locate the center of mass of a thin plate bounded by 
two curves y = f(x) andy = g(x)overa =x = b? 
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Chapter (on Practice Exercises 


Volumes 
Find the volumes of the solids in Exercises 1-16. 


1. 


10. 


The solid lies between planes perpendicular to the x-axis at x = 0 
and x = 1. The cross-sections perpendicular to the x-axis 
between these planes are circular disks whose diameters run from 
the parabola y = x? to the parabola y = Vx. 


. The base of the solid is the region in the first quadrant between 


the line y = x and the parabola y = 2x. The cross-sections of 
the solid perpendicular to the x-axis are equilateral triangles 
whose bases stretch from the line to the curve. 


. The solid lies between planes perpendicular to the x-axis at 


x= 7/4 and x = 57/4. The cross-sections between these 
planes are circular disks whose diameters run from the curve 
y = 2cos x to the curve y = 2sin x. 


. The solid lies between planes perpendicular to the x-axis at 


x = 0 and x = 6. The cross-sections between these planes 
are squares whose bases run from the x-axis up to the curve 


x2 4 yl2 = V6, 


. The solid lies between planes perpendicular to the x-axis at x = 0 


and x = 4. The cross-sections of the solid perpendicular to the 
x-axis between these planes are circular disks whose diameters 
run from the curve x” = 4y to the curve y” = 4x. 


. The base of the solid is the region bounded by the parabola 


y? = 4x and the line x = 1 in the xy-plane. Each cross-section 
perpendicular to the x-axis is an equilateral triangle with one edge 
in the plane. (The triangles all lie on the same side of the plane.) 


. Find the volume of the solid generated by revolving the region 


bounded by the x-axis, the curve y = 3x*, and the lines x = 1 
and x = —1 about (a) the x-axis; (b) the y-axis; (c) the line 
x = 1; (d) the line y = 3. 


. Find the volume of the solid generated by revolving the “triangu- 


lar” region bounded by the curve y = 4/x? and the lines x = 1 
and y = 1/2 about (a) the x-axis; (b) the y-axis; (c) the line 
x = 2; (d) the line y = 4. 


. Find the volume of the solid generated by revolving the region 


bounded on the left by the parabola x = y* + 1 and on the right 
by the line x = 5 about (a) the x-axis; (b) the y-axis; (c) the line 
x= 5. 

Find the volume of the solid generated by revolving the region 
bounded by the parabola y* = 4x and the line y = x about (a) 
the x-axis; (b) the y-axis; (c) the line x = 4; (d) the line y = 4. 


11. 


12. 


13. 


14. 


15. 


16. 


Le 


Find the volume of the solid generated by revolving the “triangu- 
lar” region bounded by the x-axis, the line x = 7/3, and the 
curve y = tan x in the first quadrant about the x-axis. 


Find the volume of the solid generated by revolving the region 
bounded by the curve y = sin x and the lines x = 0,x = 7, and 
y = 2 about the line y = 2. 


Find the volume of the solid generated by revolving the region 
bounded by the curve x = e” and the lines y = 0,x = 0, and 
y = 1 about the x-axis. 


Find the volume of the solid generated by revolving about the 
x-axis the region bounded by y = 2tan x, y = 0,x = —7/4, and 
x = 7/4. (The region lies in the first and third quadrants and 
resembles a skewed bowtie.) 

Volume of a solid sphere hole A round hole of radius V3 ft is 
bored through the center of a solid sphere of a radius 2 ft. Find the 
volume of material removed from the sphere. 

Volume of a football The profile of a football resembles the 


ellipse shown here. Find the football’s volume to the nearest 
cubic inch. 


y 


Nl 
N[= 


ngths of Curves 


Find the lengths of the curves in Exercises 17-20. 


17 


18. 
19. 
20. 


~y= x? — (1/3), 1sxs4 
x=y3 lsy<8 
y=x— (Inx)/8, 1sx<2 


x = (y°/12) + (1/y), 


Ll=y=2 


Areas of Surfaces of Revolution 


In 


Exercises 21-24, find the areas of the surfaces generated by revolv- 


ing the curves about the given axes. 


21. y= V2x + 1, Os=x=3; x-axis 

22. y= 2x°/3, OS x1; xaxis 

23. x= Vay — y?, l1sy=2; y-axis 

24. x= Vy, 2=y=6; y-axis 

Work 

25. Lifting equipment A rock climber is about to haul up 100 N 


26. 


(about 22.5 Ib) of equipment that has been hanging beneath her 
on 40 m of rope that weighs 0.8 newton per meter. How much 
work will it take? (Hint: Solve for the rope and equipment sepa- 
rately, then add.) 


Leaky tank truck You drove an 800-gal tank truck of water 
from the base of Mt. Washington to the summit and discovered 
on arrival that the tank was only half full. You started with a full 
tank, climbed at a steady rate, and accomplished the 4750-ft 


27. 


28. 


29. 


30. 


31. 


32. 


elevation change in 50 min. Assuming that the water leaked out at 
a steady rate, how much work was spent in carrying water to the 
top? Do not count the work done in getting yourself and the truck 
there. Water weighs 8 Ib/U.S. gal. 


Earth’s attraction The force of attraction on an object below 
Earth’s surface is directly proportional to its distance from Earth’s 
center. Find the work done in moving a weight of w Ib located a 
mi below Earth’s surface up to the surface itself. Assume Earth’s 
radius is a constant r mi. 


Garage door spring A force of 200 N will stretch a garage 
door spring 0.8 m beyond its unstressed length. How far will a 
300-N force stretch the spring? How much work does it take to 
stretch the spring this far from its unstressed length? 


Pumping a reservoir A reservoir shaped like a right-circular 
cone, point down, 20 ft across the top and 8 ft deep, is full of 
water. How much work does it take to pump the water to a level 
6 ft above the top? 


Pumping a reservoir (Continuation of Exercise 29.) The reser- 
voir is filled to a depth of 5 ft, and the water is to be pumped to 
the same level as the top. How much work does it take? 


Pumping a conical tank A right-circular conical tank, point 
down, with top radius 5 ft and height 10 ft is filled with a liquid 
whose weight-density is 60 lb/ft®. How much work does it take 
to pump the liquid to a point 2 ft above the tank? If the pump is 
driven by a motor rated at 275 ft-Ib/sec (1/2 hp), how long will 
it take to empty the tank? 


Pumping a cylindrical tank A storage tank is a right-circular 
cylinder 20 ft long and 8 ft in diameter with its axis horizontal. If 
the tank is half full of olive oil weighing 57 Ib/ft?, find the work 
done in emptying it through a pipe that runs from the bottom of 
the tank to an outlet that is 6 ft above the top of the tank. 


Centers of Mass and Centroids 


33. 


34. 


35. 


36. 


Find the centroid of a thin, flat plate covering the region enclosed 


by the parabolas y = 2x” and y = 3 — x?. 


Find the centroid of a thin, flat plate covering the region enclosed by 


the x-axis, the lines x = 2 and x = —2, and the parabola y = x’. 


Find the centroid of a thin, flat plate covering the “triangular” 
region in the first quadrant bounded by the y-axis, the parabola 
y = x?/4, and the line y = 4. 

Find the centroid of a thin, flat plate covering the region enclosed 
by the parabola y? = x and the line x = 2y. 


37. 


38. 
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Find the center of mass of a thin, flat plate covering the region 
enclosed by the parabola y? = x and the line x = 2y if the den- 
sity function is 6(y) = 1 + y. (Use horizontal strips.) 


a. Find the center of mass of a thin plate of constant density cov- 
ering the region between the curve y = 3/x*/? and the x-axis 
from x = ltox = 9. 


b. Find the plate’s center of mass if, instead of being constant, 
the density is 6(x) = x. (Use vertical strips.) 


Fluid Force 


39. 


40. 


41. 


42. 


Trough of water The vertical triangular plate shown here is the 
end plate of a trough full of water (w = 62.4). What is the fluid 
force against the plate? 


UNITS IN FEET 


Trough of maple syrup The vertical trapezoidal plate shown 
here is the end plate of a trough full of maple syrup weighing 
75 Ib/ft?. What is the force exerted by the syrup against the end 
plate of the trough when the syrup is 10 in. deep? 


=x-2- 
1 4 ge 
, if >X 
—2 0 72 
Zz 
C4 
a 
7 
UNITS IN FEET 


Force on a parabolic gate A flat vertical gate in the face of a 
dam is shaped like the parabolic region between the curve 
y = 4x? and the line y = 4, with measurements in feet. The top 
of the gate lies 5 ft below the surface of the water. Find the force 
exerted by the water against the gate (w = 62.4). 


You plan to store mercury (w = 849 Ib/ft*) in a vertical rectan- 
gular tank with a 1 ft square base side whose interior side wall 
can withstand a total fluid force of 40,000 lb. About how many 
cubic feet of mercury can you store in the tank at any one time? 
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Volume and Length 
1. A solid is generated by revolving about the x-axis the region 


bounded by the graph of the positive continuous function 
y = f(x), the x-axis, the fixed line x = a, and the variable line 
x = b,b > a. Its volume, for all b, is b> — ab. Find f(x). 


. A solid is generated by revolving about the x-axis the region 


bounded by the graph of the positive continuous function 
y = f(x), the x-axis, and the lines x = O and x = a. Its volume, 
for all a > 0, is a? + a. Find f(x). 


3. Suppose that the increasing function f(x) is smooth for x = 0 


and that f(0) = a. Let s(x) denote the length of the graph of f 
from (0, a) to (x, f(x), x > O. Find f(x) if s(x) = Cx for some 
constant C. What are the allowable values for C? 


4, a. Show that for 0 < a = 7/2, 


i) V1 + cos?0d0 > Va? + sin? a. 
0 


b. Generalize the result in part (a). 
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5. Find the volume of the solid formed by revolving the region 


bounded by the graphs of y = x and y = x? about the line y = x. 


. Consider a right-circular cylinder of diameter 1. Form a wedge by 
making one slice parallel to the base of the cylinder completely 
through the cylinder, and another slice at an angle of 45° to the first 
slice and intersecting the first slice at the opposite edge of the cylin- 
der (see accompanying diagram). Find the volume of the wedge. 


45° wedge 


Surface Area 
7. At points on the curve y = 2Vx, line segments of length h = y 


are drawn perpendicular to the xy-plane. (See accompanying fig- 
ure.) Find the area of the surface formed by these perpendiculars 
from (0, 0) to (3,23). 


. At points on a circle of radius a, line segments are drawn perpen- 
dicular to the plane of the circle, the perpendicular at each point P 
being of length ks, where s is the length of the arc of the circle 
measured counterclockwise from (a, 0) to P and k is a positive 
constant, as shown here. Find the area of the surface formed by 
the perpendiculars along the arc beginning at (a, 0) and extending 
once around the circle. 


Work 


9. 


10. 


A particle of mass m starts from rest at time t = 0 and is moved 
along the x-axis with constant acceleration a from x = 0 to 
x = h against a variable force of magnitude F(t) = 1’. Find the 
work done. 


Work and kinetic energy Suppose a 1.6-0z golf ball is placed 
on a vertical spring with force constant k = 2 lb/in. The spring is 
compressed 6 in. and released. About how high does the ball go 
(measured from the spring’s rest position)? 


Centers of Mass 


11. 


12. 


13. 


14. 


15. 


16. 


Find the centroid of the region bounded below by the x-axis and 
above by the curve y = | — x", n an even positive integer. What 
is the limiting position of the centroid as n — 00? 


If you haul a telephone pole on a two-wheeled carriage behind a 
truck, you want the wheels to be 3 ft or so behind the pole’s cen- 
ter of mass to provide an adequate “tongue” weight. The 40-ft 
wooden telephone poles used by Verizon have a 27-in. circumfer- 
ence at the top and a 43.5-in. circumference at the base. About 
how far from the top is the center of mass? 


Suppose that a thin metal plate of area A and constant density 6 
occupies a region R in the xy-plane, and let M, be the plate’s 
moment about the y-axis. Show that the plate’s moment about the 
line x = bis 

a. M, — béA if the plate lies to the right of the line, and 

b. bdA — M, if the plate lies to the left of the line. 


Find the center of mass of a thin plate covering the region bounded 
by the curve y* = 4ax and the line x = a, a = positive constant, 
if the density at (x, y) is directly proportional to (a) x, (b) |y|. 


a. Find the centroid of the region in the first quadrant bounded 
by two concentric circles and the coordinate axes, if the cir- 
cles have radii a and b, 0 < a < b, and their centers are at 
the origin. 


b. Find the limits of the coordinates of the centroid as a appro- 
aches b and discuss the meaning of the result. 


A triangular corner is cut from a square | ft on a side. The area of 
the triangle removed is 36 in’. If the centroid of the remaining 
region is 7 in. from one side of the original square, how far is it 
from the remaining sides? 


Fluid Force 


17. 


18. 


A triangular plate ABC is submerged in water with its plane verti- 
cal. The side AB, 4 ft long, is 6 ft below the surface of the water, 
while the vertex C is 2 ft below the surface. Find the force exerted 
by the water on one side of the plate. 


A vertical rectangular plate is submerged in a fluid with its top 
edge parallel to the fluid’s surface. Show that the force exerted by 
the fluid on one side of the plate equals the average value of the 
pressure up and down the plate times the area of the plate. 
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Mathematica/Maple Modules: 


Using Riemann Sums to Estimate Areas, Volumes, and Lengths of Curves 
Visualize and approximate areas and volumes in Part I and Part II: Volumes of Revolution; and Part III: Lengths of Curves. 


Modeling a Bungee Cord Jump 
Collect data (or use data previously collected) to build and refine a model for the force exerted by a jumper’s bungee cord. Use the work-energy 
theorem to compute the distance fallen for a given jumper and a given length of bungee cord. 


Integrals and 
Transcendental 
Functions 


OVERVIEW Our treatment of the logarithmic and exponential functions has been rather 
informal until now, appealing to intuition and graphs to describe what they mean and to 
explain some of their characteristics. In this chapter, we give a rigorous analytic approach 
to the definitions and properties of these functions, and we study a wide range of applied 
problems in which they play a role. We also introduce the hyperbolic functions and their 
inverses, with their applications to integration and hanging cables. Like the trigonometric 
functions, all of these functions belong to the class of transcendental functions. 


7. 1 The Logarithm Defined as an Integral 
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In Chapter 1, we introduced the natural logarithm function In x as the inverse of the expo- 
nential function e*. The function e* was chosen as that function in the family of general 
exponential functions a*,a > 0, whose graph has slope | as it crosses the y-axis. The 
function a* was presented intuitively, however, based on its graph at rational values of x. 

In this section we recreate the theory of logarithmic and exponential functions from 
an entirely different point of view. Here we define these functions analytically and recover 
their behaviors. To begin, we use the Fundamental Theorem of Calculus to define the natu- 
ral logarithm function In x as an integral. We quickly develop its properties, including the 
algebraic, geometric, and analytic properties seen before. Next we introduce the function 
e* as the inverse function of In x, and establish its previously seen properties. Defining 
In x as an integral and e* as its inverse is an indirect approach. While it may at first seem 
strange, it gives an elegant and powerful way to obtain and validate the key properties of 
logarithmic and exponential functions. 


Definition of the Natural Logarithm Function 


The natural logarithm of a positive number x, written as In x, is the value of an integral. 
The integral is suggested from our earlier results in Chapter 5. 


DEFINITION The natural logarithm is the function given by 


Inx = / i dt, x > 0. 
1 


From the Fundamental Theorem of Calculus, In x is a continuous function. Geometri- 
cally, if x > 1, then In x is the area under the curve y = 1/t from t= 1 tot=x 
(Figure 7.1). For0 < x < 1, Inx gives the negative of the area under the curve from x to 1, 


TABLE 7.1 Typical 2-place 
values of In x 


x Inx 

0) undefined 
0.05 —3.00 
0.5 —0.69 

1 0 

2 0.69 

3 1.10 

4 1.39 
10 2.30 
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and the function is not defined for x = 0. From the Zero Width Interval Rule for definite 


integrals, we also have 
I 
ap ogee 
Inl = | 7at = 0. 
1 


x 1 
woceciienmnse| taf ba 
1 x 


gives the negative of this area. 


If x > 1, then Inx = 


gives this area. 


>Xx 
me x 
1 
Ifx= ten n= [ iat =0. 
1 


y=Inx 


FIGURE 7.1 The graph of y = In x and its relation to the function 
y = 1/x,x > 0. The graph of the logarithm rises above the x-axis as x 
moves from | to the right, and it falls below the axis as x moves from 1 
to the left. 


Notice that we show the graph of y = 1/x in Figure 7.1 but use y = 1/t in the inte- 
gral. Using x for everything would have us writing 


nx= f li, 
1 


with x meaning two different things. So we change the variable of integration to ¢. 

By using rectangles to obtain finite approximations of the area under the graph of 
y = 1/t and over the interval between t = | and ¢ = x, as in Section 5.1, we can approx- 
imate the values of the function In x. Several values are given in Table 7.1. There is an 
important number between x = 2 and x = 3 whose natural logarithm equals 1. This 
number, which we now define, exists because In x is a continuous function and therefore 
satisfies the Intermediate Value Theorem on [2,3]. 


DEFINITION The number e is that number in the domain of the natural 


logarithm satisfying 
= figs 
In(e) = pat = 1. 
1 


Interpreted geometrically, the number e corresponds to the point on the x-axis for 
which the area under the graph of y = 1/tf and above the interval [ 1, e] equals the area 
of the unit square. That is, the area of the region shaded blue in Figure 7.1 is 1 sq unit 
when x = e. We will see further on that this is the same number e ~ 2.718281828 we 
have encountered before. 


422 Chapter 7: Integrals and Transcendental Functions 


MS 


y= Inx 


>X 
0 (1, 0) 


Nie 


FIGURE 7.2 (a) The graph of the 
natural logarithm. (b) The rectangle of 
height y = 1/2 fits beneath the graph of 
y = 1/x for the interval 1 = x = 2. 


The Derivative of y = Inx 


By the first part of the Fundamental Theorem of Calculus (Section 5.4), 


d d fl 1 
fina = | pat = x. 


For every positive value of x, we have 


Bie ces 
nt = x: (1) 
Therefore, the function y = Inx is a solution to the initial value problem dy/dx = 1/x, 
x > 0, with y(1) = 0. Notice that the derivative is always positive. 

If uw is a differentiable function of x whose values are positive, so that In uw is defined, 
then applying the Chain Rule we obtain 


n= 0, (2) 


The derivative of In|.x| can be found just as in Example 3(c) of Section 3.8, giving 


xO. (3) 


d st 
ra |x| = x. 


Moreover, if b is any constant with bx > 0, Equation (2) gives 


d 1 d 1 1 
dyn ox ~ a dx) = bx =: 


The Graph and Range of In x 


The derivative d(Inx)/dx = 1/x is positive for x > 0, so In x is an increasing function of 
x. The second derivative, —1/x”, is negative, so the graph of In x is concave down. (See 
Figure 7.2a.) 

The function In x has the following familiar algebraic properties, which we stated in 
Section 1.6. In Section 4.2 we showed these properties are a consequence of Corollary 2 of 
the Mean Value Theorem, and those derivations still apply. 


1. Inbx = Inb+ Inx 2s in? = nb — Inx 


3. int = —Inx 4, Inx” = rlnx, rrational 


We can estimate the value of In 2 by considering the area under the graph of y = 1/x 
and above the interval [ 1, 2]. In Figure 7.2(b) a rectangle of height 1/2 over the interval 
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[1,2] fits under the graph. Therefore the area under the graph, which is In 2, is greater 
than the area, 1 /2, of the rectangle. So In2 > 1/2. Knowing this we have 


In2” = nIn2 > »(4) = 


This result shows that In (2”) — 00 as n — 00, Since In x is an increasing function, we get 
that 


lim In x = oo, 


x—>00 

We also have 
lim Inx = lim Inf! = lim (-Ind = —oco. x= 1fbert 
x—0T t—00 [00 


We defined In x for x > 0, so the domain of In x is the set of positive real numbers. The 
above discussion and the Intermediate Value Theorem show that its range is the entire real 
line, giving the familiar graph of y = In x shown in Figure 7.2(a). 

The Integral /(1/u) du 


Equation (3) leads to the following integral formula. 


If uw is a differentiable function that is never zero, 


[ide = inal eG, (4) 


Equation (4) applies anywhere on the domain of 1 /u, the points where u # 0. It says that 
integrals of a certain form lead to logarithms. If u = f(x), then du = f'(x) dx and 


‘aC 
Fay = In | f)| + iG 


whenever f(x) is a differentiable function that is never zero. 


du 


EXAMPLE 1 Here we recognize an integral of the form | “-. 


oe 4cosé@ do ee u=3+2sin0, du =2cos0dé0, 
yee eee uo Wea) = 1, um) =5 


5 
= 2In |u| | 
1 


= 2in|5| — 2in|1| = 21n5 
Note that u = 3 + 2sin@ is always positive on [—7/2, 7/2], so Equation (4) applies. I 


The Inverse of In x and the Number e 


The function In x, being an increasing function of x with domain (0,°) and range 
(—09, 00), has an inverse In™!x with domain (—©°<, 00) and range (0,00). The graph of 
In“! x is the graph of In x reflected across the line y = x. As you can see in Figure 7.3, 


lim In! x = co and lim In!x = 0. 
x—00 x— —00 
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>< 


FIGURE 7.3 The graphs of y = Inx 
and y = In !x = expx. The number e is 
In! 1 = exp (1). 


Typical values of e* 


x e* (rounded) 
—1 0.37 

0 1 

1 2.72, 

2 7.39 

10 22026 
100 2.6881 x 10% 


The notations In~! x, exp x, and e* all 


refer to the natural exponential function. 
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The function In“! x is also denoted by exp x. We now show that In“! x = exp x is an expo- 
nential function with base e. 

The number e was defined to satisfy the equation In (e) = 1, so e = exp (1). We can 
raise the number e to a rational power r using algebra: 


eF=-, el/2 = Ve, 


23 = 3/30, 


e = ee, e*, 


fas) 


and so on. Since e is positive, e” is positive too. Thus, e” has a logarithm. When we take 
the logarithm, we find that for r rational 


r 


Ine rlne=r-l r. 


Then applying the function In“! to both sides of the equation In e” = r, we find that 


e’ = expr for r rational. exp is In. (5) 


We have not yet found a way to give an exact meaning to e* for x irrational. But In“! x has 
meaning for any x, rational or irrational. So Equation (5) provides a way to extend the 
definition of e* to irrational values of x. The function exp is defined for all x, so we use it 
to assign a value to e* at every point. 


DEFINITION For every real number x, we define the natural exponential func- 
tion to be e* = exp x. 


For the first time we have a precise meaning for a number raised to an irrational power. 
Usually the exponential function is denoted by e* rather than exp x. Since In x and e* are 
inverses of one another, we have 


Inverse Equations for e* and In x 


elnx =yx 


In(e*) = x 


(all x > 0) 
(all x) 


The Derivative and Integral of e* 


The exponential function is differentiable because it is the inverse of a differentiable function 
whose derivative is never zero. We calculate its derivative using Theorem 3 of Section 3.8 
and our knowledge of the derivative of In x. Let 


f@)=Inx and oy =e = In !x = f'@), 


Then, 
dy_d_, d, 4 
dx ae ~ ae ie 
d ._ 
errs '(x) 
1 
Se Theorem 3, Section 3.8 
7G G) 
“FO ahd 
1 


f'@= 1 vith 2 =e 
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That is, for y = e*, we find that dy/dx = e* so the natural exponential function e’ is its 
own derivative, just as we claimed in Section 3.3. We will see in the next section that the 
only functions that behave this way are constant multiples of e*. The Chain Rule extends 
the derivative result in the usual way to a more general form. 


If wis any differentiable function of x, then 


ae de (6) 


Since e* > 0, its derivative is also everywhere positive, so it is an increasing and con- 
tinuous function for all x, having limits 


lim e* = 0 and lim e* = 0, 
It follows that the x-axis (y = 0) is a horizontal asymptote of the graph y = e* (see 


Figure 7.3). 
Equation (6) also tells us the indefinite integral of e”. 


[ea =e’ +C 


If f(x) = e*, then from Equation (6), f’(0) = e° = 1. That is, the exponential func- 
tion e* has slope | as it crosses the y-axis at x = 0. This agrees with our assertion for the 
natural exponential in Section 3.3. 


Laws of Exponents 


Even though e* is defined in a seemingly roundabout way as In“! x, it obeys the familiar 
laws of exponents from algebra. Theorem | shows us that these laws are consequences of 
the definitions of In x and e*. We proved the laws in Section 4.2, and the proofs are still 
valid here because they are based on the inverse relationship between In x and e*. 


THEOREM 1—Laws of Exponents for e* _‘ For all numbers x, x,, and x, the 
natural exponential e* obeys the following laws: 


L. e+e? = ett 2. e*% = a 
3. c = ev 4. (ery? = 2 = (e2)" 


The General Exponential Function a” 


Since a = e!™4 for any positive number a, we can think of a’ as (el™“)* = e*'"4. We there- 
fore make the following definition, consistent with what we stated in Section 1.6. 


DEFINITION For any numbers a > 0 and x, the exponential function with base 
ais given by 


. eving, 


a 
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The General Power Function 


x" is the function e”!™* 


xIna xIne x1 


When a = e, the definition gives a’ = e e e e*. Similarly, the power 
function f(x) = x” is defined to be x” = e"™* for any real number r, rational or 
irrational. 

Theorem | is also valid for a*, the exponential function with base a. For example, 


Mie x,Ina, ewlna 


ae? = € Definition of a* 
= et Inat+x,Ina eal 
= eitxJina Factor In a 
= quit, Definition of a* 


Starting with the definition a* = e*'"4, a > 0, we get the derivative 


d x d xInad — xIna — x 
ane ae dn a)je’ (in a)a’, 
Se) 
a ai=a‘lna 
dx . 
Alternatively, we get the same derivative rule by applying logarithmic differentiation: 
y=a 
Iny = xIna Taking logarithms 
Tey =Ina Differentiating with respect to x 
y dx irerentiating with respect to x 
dy 


= =ylna=a'lna. 


With the Chain Rule, we get a more general form, as in Section 3.8. 


If a > 0 and wis a differentiable function of x, then a” is a differentiable function 
of x and 


The integral equivalent of this last result is 


Logarithms with Base a 


If a is any positive number other than 1, the function a* is one-to-one and has a nonzero 
derivative at every point. It therefore has a differentiable inverse. 


DEFINITION For any positive number a # 1, the logarithm of x with base a, 
denoted by log, x, is the inverse function of a’*. 


FIGURE 7.4 The graph of 2* and its 
inverse, log» x. 


TABLE 7.2 Rules for base a 
logarithms 


For any numbers x > 0 and 
y > 0, 


1. Product Rule: 
log, xy = log,x + log,y 


2. Quotient Rule: 


logs = log,x — logay 


3. Reciprocal Rule: 
1 
logay = —logay 


4. Power Rule: 
log,x” = y log,x 
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The graph of y = log,x can be obtained by reflecting the graph of y = a’ across the 
45° line y = x (Figure 7.4). When a = e, we have log,x = inverse of e* = In x. Since 
log,x and a* are inverses of one another, composing them in either order gives the identity 
function. 


Inverse Equations for a* and log,x 
dex = x (x > 0) 


log,(a*) = x (all x) 


As stated in Section 1.6, the function log,,x is just a numerical multiple of In x. We 
see this from the following derivation: 


y = log, x Defining equation for y 


@=x Equivalent equation 
Ina = Inx Natural log of both sides 
ylna = Inx Algebra Rule 4 for natural log 
In x 
= ln Solve for y. 
Inx : 
log, x = ina Substitute for y. 


It then follows easily that the arithmetic rules satisfied by log,x are the same as the 
ones for In x. These rules, given in Table 7.2, can be proved by dividing the corresponding 
rules for the natural logarithm function by In a. For example, 


Inxy = Inx + Iny Rule | for natural logarithms .. . 


Inxy Inx , Iny 
Ina Ina Ina 


. divided by Ina... 


log, xy = log,x + log,y. ... gives Rule | for base a logarithms. 


Derivatives and Integrals Involving log, x 


To find derivatives or integrals involving base a logarithms, we convert them to natural 
logarithms. If u is a positive differentiable function of x, then 


cay pe hee (oe 
dx 98a) ~ ay\ina) ~~ Inadx” ~ Ina udx’ 


ee ee ee 
dx 8a Ina udx 


EXAMPLE 2 We illustrate the derivative and integral results. 


1 1 3 
InlO 3x + (in 10)(3x + 1) 


d ; d 
(a) 4-logio(3x + 1) = [gore y= 
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Transcendental Numbers and 
Transcendental Functions 


Numbers that are solutions of polynomial 
equations with rational coefficients are 
called algebraic: —2 is algebraic because 
it satisfies the equation x + 2 = 0, and 
V3 is algebraic because it satisfies the 
equation x? — 3 = 0. Numbers such as 


e and 7 that are not algebraic are called 


transcendental. 


We call a function y = f(x) algebraic 
if it satisfies an equation of the form 


By he 


Py t Pj=0 


in which the P’s are polynomials in x 


with rational coefficients. The function 

y = 1/V x + 1 is algebraic because it satis- 
fies the equation (x + 1)y? — 1 = 0. Here 
the polynomials are P) = x + 1, P, = 0, 
and Py = —1. Functions that are not alge- 
braic are called transcendental. 


Exercises 


Integration 


Evaluate the integrals in Exercises 1-46. 


2 
dx 
pe 
3 
2y d 
df > 
yo S25 


nn 


5 dx 
“OY 2Vx + 2x 
In3 
| e* dx 
In2 
4 3 
1 
u. / Sane 
’ 2x 
In9 
13. i, ev? dx 
In4 
Vr 
(a 
15. dr 
/ Vr 
17. / Qe dt 
1/x 
19. / dx 
x 


21. [evr at tan at dt 


3 sec? t a 
. 6 + 3tant 


ad 


° 3a 
_ 3% — 2 


4 | 8r dr 
4r2-— 5 


‘ secy tany | 
. 2+ secy . 


10 


12. 


14, 7 tan x In (cos x) dx 


16 


18 


20. 


sec x dx 


, ViIn(secx + tan x) 


5 i BET) dx 


“In CL 
| nna) 4 
xInx 


I 
é r 
Vr 

In x dx 


, xVin?x + 1 


ell? 
dx 
Ve 


Summary 
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23. 


25. 


27. 


29. 


31. 


33. 


35. 


3 


41. 


43. 


n (7/6) 


r 


a/2 
| 7S ‘sin t dt 
0 
4 
/ x71 + In x) dx 
2 
3 
} (V2 + 1)x¥? dx 
0 
logiox 
/ x ax 
4 
In 2 logo x 
9. / ee a 
1 
2 
logs (x + = 
7 x+2 . 


[Peet +1 
ey 
f x + 1 


Inx _ Inx 
x logsx = ind 
udu u=Inx, du= : 
1 nx? — (nx? 
+O nD 2 2in2 


Vin 7 
24. i 2xe* cos(e*) dx 
0 


28. 
30. 
32. 


34. 


[ever eseen + t)cot(a + f) dt 


In (77/2) 
| 2e’ cose” du 
1 


+C 


36. | xl dy 
1 


38. 


4 


42. 


44. 


r 
of 
he 


32 logs (x — 1) 


l 


logox 
x 


xX 


°2 In 10 logiox 
x 


x= 


In this section we used calculus to give precise definitions of the logarithmic and expo- 
nential functions. This approach is somewhat different from our earlier treatments of the 
polynomial, rational, and trigonometric functions. There we first defined the function and 
then we studied its derivatives and integrals. Here we started with an integral from which 
the functions of interest were obtained. The motivation behind this approach was to 
address mathematical difficulties that arise when we attempt to define functions such as a* 
for any real number «x, rational or irrational. Defining In x as the integral of the function 
1/t from t = 1 to ¢ = x enabled us to define all of the exponential and logarithmic func- 
tions, and then derive their key algebraic and analytic properties. 


xX 


10 
lo 10x 
S10 ( ) 


dx 


45. / i 
xX logjox 


dx 
46. = 
/ x(l0g5x)" 
Initial Value Problems 


Solve the initial value problems in Exercises 47-52. 


dy 
47. a e'sin(e’ — 2), y(In2) = 0 
dy 
48. a e'sec*(7e"), y(In4) = 2/7 
yy 
49. rin 2e*, y(O)=1 and y'(0)=0 
ay 
50. a 1-—e*, yd)=-1 and y'(1)=0 
sash, yaya 
rs x yw) = 
dy 
52. me sec?x, y(0)=O0 and y’(O)=1 


Theory and Applications 

53. The region between the curve y = 1/x* and the x-axis from 
x = 1/2 to x = 2 is revolved about the y-axis to generate a 
solid. Find the volume of the solid. 


54, In Section 6.2, Exercise 6, we revolved about the y-axis the 
region between the curve y = 9x/Vx? + 9 and the x-axis from 
x = 0 to x = 3 to generate a solid of volume 3677. What volume 
do you get if you revolve the region about the x-axis instead? (See 
Section 6.2, Exercise 6, for a graph.) 


Find the lengths of the curves in Exercises 55 and 56. 
55. y = (x?/8) —Inx, 45x58 
56. x = (y/4? — 2InQ/4), 4s ys 12 


[T]57. The linearization of In(1 + x) atx = 0 Instead of approxi- 
mating In x near x = 1, we approximate In(1 + x) near x = 0. 
We get a simpler formula this way. 


a. Derive the linearization In(1 + x) ~ x atx = 0. 


b. Estimate to five decimal places the error involved in replacing 
In(1 + x) by x on the interval [ 0, 0.1]. 

c. Graph In(1 + x) and x together for 0 = x = 0.5. Use differ- 
ent colors, if available. At what points does the approximation 
of In(1 + x) seem best? Least good? By reading coordinates 
from the graphs, find as good an upper bound for the error as 
your grapher will allow. 


58. The linearization of e* atx = 0 


a. Derive the linear approximation e* ~ 1 + x atx = 0. 


. Estimate to five decimal places the magnitude of the error 
involved in replacing e* by 1 + x on the interval [ 0, 0.2]. 


. Graph e“ and 1 + x together for —2 = x = 2. Use different 
colors, if available. On what intervals does the approximation 
appear to overestimate e*? Underestimate e*? 


59. Show that for any number a > 1 


a Ina 
/ inxax + [ e dy = alna, 
1 0 
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as suggested by the accompanying figure. 


» y=Inx 


> xX 


60. The geometric, logarithmic, and arithmetic mean inequality 


a. Show that the graph of e* is concave up over every interval of 
x-values. 


b. Show, by reference to the accompanying figure, that if 
0<a< b then 


Inb gina 4 ginb 


x < 
e dx 5) 


-(Inb — Ina). 


ellnatinb)/2. (nb — Ina) < | 


Ina 


Ina+Inb 
2 


NOT TO SCALE 


c. Use the inequality in part (b) to conclude that 


2 b— a at b 
Inb — Ina 2 

This inequality says that the geometric mean of two positive 

numbers is less than their logarithmic mean, which in turn is less 

than their arithmetic mean. 


ab 


Grapher Explorations 

61. Graph In x, In 2x, In 4x, In 8x, and In 16x (as many as you can) 
together for 0 < x = 10. What is going on? Explain. 

62. Graph y = In|sinx| in the window 0 < x <= 22,-2=y <0. 
Explain what you see. How could you change the formula to turn 
the arches upside down? 


63. a. 


Graph y = sin x and the curves y = In(a + sin x) fora = 2, 
4, 8, 20, and 50 together for 0 = x = 23. 


b. Why do the curves flatten as a increases? (Hint: Find an 
a-dependent upper bound for | y’ |.) 


64. Does the graph of y = Vx — Inx,x > 0, have an inflection 
point? Try to answer the question (a) by graphing, (b) by using 
calculus. 

65. The equation x* = 2* has three solutions:x = 2,x = 4, and one 
other. Estimate the third solution as accurately as you can by 
graphing. 
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66. Could x'"* possibly be the same as 2!"* for some x > 0? Graph Calculations with Other Bases 
the two functions and explain what you see. 69. Most scientific calculators have keys for logj)x and In x. To 
67. Which is bigger, 77° or e”? Calculators have taken some of the fae oo to other bases, we use the equation log ,.x = 
mystery out of this once-challenging question. (Go ahead and (In x)/(n a). 
check; you will see that it is a surprisingly close call.) You can Find the following logarithms to five decimal places. 
answer the question without a calculator, though. a. log38 
a. Find an equation for the line through the origin tangent to the b. log,0.5 
graph of y = Inx. ¢ loess 17 
d. logy 57 
e. In x, given that log;gx = 2.3 
f. In x, given that logyx = 1.4 
g. In x, given that logyx = —1.5 
h. In x, given that log;yx = —0.7 


70. Conversion factors 


[—3, 6] by [—3, 3] 


a. Show that the equation for converting base 10 logarithms to 
base 2 logarithms is 

b. Give an argument based on the graphs of y = Inx and the In 10 
tangent line to explain why In x < x/e for all positive x ¥ e. logax = Ind logjox- 


Bh w tna De) Ss ator apie ze: b. Show that the equation for converting base a logarithms to 


d. Conclude that x° < e* for all positive x # e. base b logarithms is 


e. So which is bigger, 7° or e7? ian 
68. A decimal representation of e Find e to as many decimal log,x = 7p 1o8ax- 
places as your calculator allows by solving the equation In x = 1 


using Newton’s method in Section 4.7. 


(ey Exponential Change and Separable Differential Equations 


Exponential functions increase or decrease very rapidly with changes in the independent 
variable. They describe growth or decay in many natural and industrial situations. The 
variety of models based on these functions partly accounts for their importance. We now 
investigate the basic proportionality assumption that leads to such exponential change. 


Exponential Change 


In modeling many real-world situations, a quantity y increases or decreases at a rate pro- 
portional to its size at a given time ¢. Examples of such quantities include the size of a 
population, the amount of a decaying radioactive material, and the temperature difference 
between a hot object and its surrounding medium. Such quantities are said to undergo 
exponential change. 

If the amount present at time ¢ = 0 is called yo, then we can find y as a function of ¢ 
by solving the following initial value problem: 


d 
Differential equation: a = ky (1a) 
Initial condition: y=y when t=O. (1b) 


If y is positive and increasing, then k is positive, and we use Equation (1a) to say that the 
rate of growth is proportional to what has already been accumulated. If y is positive and 
decreasing, then k is negative, and we use Equation (1a) to say that the rate of decay is 
proportional to the amount still left. 


>< 


(b) 


FIGURE 7.5 Graphs of (a) exponential 
growth and (b) exponential decay. As |k| 
increases, the growth (k > 0) or decay 
(k < 0) intensifies. 
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We see right away that the constant function y = 0 is a solution of Equation (1a) if 
yo = 0. To find the nonzero solutions, we divide Equation (1a) by y: 


‘7T=k y #0 


TOY i k dt Integrate with t to ft; 
Y dt ntegrate Wi respect to 7; 


In ly| =k+cC fC /w) du = In|ul + C. 


| y | e Exponentiate. 

ly] = eC elt OP we gh 
y= + eel If |y| =r, then y = +r. 
y = Ae™, A is a shorter name for + e°. 


By allowing A to take on the value 0 in addition to all possible values + e°, we can 
include the solution y = 0 in the formula. 

We find the value of A for the initial value problem by solving for A when y = yo and 
t= 0: 


yy = Ae’ = A, 


The solution of the initial value problem 
dy _ ore 
‘6 dt = ky ’ J! ( ) = Yo 


y = ye". (2) 


Quantities changing in this way are said to undergo exponential growth if k > 0 and 
exponential decay if k < 0. The number k is called the rate constant of the change. (See 
Figure 7.5.) 

The derivation of Equation (2) shows also that the only functions that are their own 
derivatives (so k = 1) are constant multiples of the exponential function. 

Before presenting several examples of exponential change, let’s consider the process 
we used to derive it. 


Separable Differential Equations 


Exponential change is modeled by a differential equation of the form dy/dx = ky for 
some nonzero constant k. More generally, suppose we have a differential equation of the 
form 


d 
Fx = fly), 3) 


where f is a function of both the independent and dependent variables. A solution of the 
equation is a differentiable function y = y(x) defined on an interval of x-values (perhaps 
infinite) such that 


£ y(x) = flx.yo)) 


on that interval. That is, when y(x) and its derivative y’(x) are substituted into the differen- 
tial equation, the resulting equation is true for all x in the solution interval. The general 
solution is a solution y(x) that contains all possible solutions and it always contains an 
arbitrary constant. 
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Equation (3) is separable if f can be expressed as a product of a function of x and a 
function of y. The differential equation then has the form 


dy g is a function of x; 
ae g(x)A(y). Hisa function of y. 


When we rewrite this equation in the form 


dy — g(x) 1 
dx h(y)’ HO) = iy) 


its differential form allows us to collect all y terms with dy and all x terms with dx: 
h(y) dy = g(x) dx. 


Now we simply integrate both sides of this equation: 


ro dy = [so dx. (4) 


After completing the integrations, we obtain the solution y defined implicitly as a function 
of x. 

The justification that we can simply integrate both sides in Equation (4) is based on 
the Substitution Rule (Section 5.5): 


dy 
/ h(y) dy = / h(y(x)) Fax 


_ ; g(x) dy g(x) 
~ | OOD | -ae ee 


= / g(x) dx. 


EXAMPLE 1 Solve the differential equation 


OY) als e >-l 
crag ye", y 


Solution Since 1 + y is never zero for y > —1, we can solve the equation by separat- 
ing the variables. 


dy 


ide Treat dy/dx as a quotient of 
dy = (1 + y)e* dx differentials and multiply 
both sides by dx. 


= (1+ yet 


dy 
T+y = edx Divide by (1 + y). 
dy : 
l+y = / e* dx Integrate both sides. 


C represents the combined 
constants of integration. 


Indt+y=e+C 


The last equation gives y as an implicit function of x. o 


EXAMPLE 2 Solve the equation y(x + 2 = x(y* + 1). 
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Solution We change to differential form, separate the variables, and integrate: 
y(x + 1) dy = x(Qy? + 1) dx 
ydy _ xdx 


yr +1 x+1]1 


y dy 1 
iE + y ~ aC x + :) dx Divide x by x + 1. 


Fin(l + y2) =x — In|x + 1| + Cs 


ae =| 


The last equation gives the solution y as an implicit function of x. B 
The initial value problem 


dy _ 0) = 
ao =~ YO) = Yo 


involves a separable differential equation, and the solution y = ye“ expresses exponen- 
tial change. We now present several examples of such change. 


Unlimited Population Growth 


Strictly speaking, the number of individuals in a population (of people, plants, animals, or 
y bacteria, for example) is a discontinuous function of time because it takes on discrete val- 


_ 500 ues. However, when the number of individuals becomes large enough, the population can 

a 400 be approximated by a continuous function. Differentiability of the approximating function 

2 300 is another reasonable hypothesis in many settings, allowing for the use of calculus to 
SI model and predict population sizes. 

e an If we assume that the proportion of reproducing individuals remains constant and 

8 100 assume a constant fertility, then at any instant f the birth rate is proportional to the number 

OFS oe y(t) of individuals present. Let’s assume, too, that the death rate of the population is stable 

0 5 10 and proportional to y(t). If, further, we neglect departures and arrivals, the growth rate dy/dt 

Time (hr) is the birth rate minus the death rate, which is the difference of the two proportionalities 


under our assumptions. In other words, dy/dt = ky so that y = yoe, where yo is the size of 
FIGURE 7.6 Graph of the growth of a the population at time ¢ = 0. As with all kinds of growth, there may be limitations imposed 
yeast population over a 10-hour period, by the surrounding environment, but we will not go into these here. (We treat one model 
based on the data in Table 7.3. imposing such limitations in Section 9.4.) When k is positive, the proportionality dy/dt = ky 
models unlimited population growth. (See Figure 7.6.) 


TABLE 7.3 Population of yeast 
Time Wenok Haiiass EXAMPLE 3 The biomass of a yeast culture in an experiment is initially 29 grams. 
h After 30 minutes the mass is 37 grams. Assuming that the equation for unlimited popula- 
(ory) mg tion growth gives a good model for the growth of the yeast when the mass is below 100 
0 9.6 grams, how long will its take for the mass to double from its initial value? 
: ee Solution Let y(t) be the yeast biomass after t minutes. We use the exponential growth 
2 29.0 model dy/dt = ky for unlimited population growth, with solution y = yoe™. 
3 47.2 We have yy = yO) = 29. We are also told that, 
4 71.1 y(30) = 29ek® = 37, 
5 119.1 Solving this equation for k, we find 
6 174.6 
x30) — 37 
7 2573 ° 29 
8 350.7 ein (Z) 
9 441.0 29 
10 513.3 k= 35In (Z) ~ 0.008118. 
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y= 10,000e" 0.8)t 


t |, +f 
0 5 10 
FIGURE 7.7 A graph of the number 

of people infected by a disease exhibits 
exponential decay (Example 4). 


Then the mass of the yeast in grams after ¢ minutes is given by the equation 
y = 29¢0.008118)r 


To solve the problem we find the time ¢ for which y(t) = 58, which is twice the initial amount. 
29 e(0-0081 18)t — 58 


_ 1, (58 
(0.008118)t = In (38) 
— In2 a 
= Doosiis ~ &38 
It takes about 85 minutes for the yeast population to double. a 


In the next example we model the number of people within a given population who 
are infected by a disease which is being eradicated from the population. Here the constant 
of proportionality k is negative, and the model describes an exponentially decaying num- 
ber of infected individuals. 


EXAMPLE 4 One model for the way diseases die out when properly treated assumes 
that the rate dy/dt at which the number of infected people changes is proportional to the 
number y. The number of people cured is proportional to the number y that are infected 
with the disease. Suppose that in the course of any given year the number of cases of a 
disease is reduced by 20%. If there are 10,000 cases today, how many years will it take to 
reduce the number to 1000? 


Solution We use the equation y = ye". There are three things to find: the value of yo, 
the value of k, and the time t when y = 1000. 

The value of yy. We are free to count time beginning anywhere we want. If we count 
from today, then y = 10,000 when t = 0, so yy = 10,000. Our equation is now 


y = 10,000e*. (5) 


The value of k. When t = 1 year, the number of cases will be 80% of its present 
value, or 8000. Hence, 
8000 = 10,000e*”? Eq. (5) with t = 1 and 


=, y = 8000 
In (e*) = 1n0.8 Logs of both sides 
k = 1n0.8 < 0. In0.8 = —0.223 
At any given time f, 
y = 10,000e"°8», (6) 


The value of t that makes y = 1000. We set y equal to 1000 in Equation (6) and solve 
for f: 


1000 = 10,000e%°8 
ein 0.8)r = 0.1 
(in0.8)t = In0.1 Logs of both sides 
t= nee ~ 10.32 years. 


It will take a little more than 10 years to reduce the number of cases to 1000. (See 
Figure 7.7.) a 


Radioactivity 


Some atoms are unstable and can spontaneously emit mass or radiation. This process is 
called radioactive decay, and an element whose atoms go spontaneously through this 
process is called radioactive. Sometimes when an atom emits some of its mass through 
this process of radioactivity, the remainder of the atom re-forms to make an atom of some 


For radon-222 gas, tf is measured in days 
and k = 0.18. For radium-226, which 
used to be painted on watch dials to 
make them glow at night (a dangerous 
practice), f is measured in years and 

k= 43 x 10%. 


Carbon-14 dating uses the half-life of 
5730 years. 
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new element. For example, radioactive carbon-14 decays into nitrogen; radium, through a 
number of intermediate radioactive steps, decays into lead. 

Experiments have shown that at any given time the rate at which a radioactive element 
decays (as measured by the number of nuclei that change per unit time) is approximately 
proportional to the number of radioactive nuclei present. Thus, the decay of a radioactive 
element is described by the equation dy/dt = —ky,k > 0. It is conventional to use 
—k, with k > 0, to emphasize that y is decreasing. If yo is the number of radioactive nuclei 
present at time zero, the number still present at any later time f will be 


y = ye™, k>0. 


In Section 1.6, we defined the half-life of a radioactive element to be the time required 
for half of the radioactive nuclei present in a sample to decay. It is an interesting fact that the 
half-life is a constant that does not depend on the number of radioactive nuclei initially pres- 
ent in the sample, but only on the radioactive substance. We found the half-life is given by 


Half-life = ms (7) 
For example, the half-life for radon-222 is 
so) In2 .. 
half-life = 0.18 ~ 3.9 days. 
EXAMPLE 5 The decay of radioactive elements can sometimes be used to date 


events from Earth’s past. In a living organism, the ratio of radioactive carbon, carbon-14, 
to ordinary carbon stays fairly constant during the lifetime of the organism, being approxi- 
mately equal to the ratio in the organism’s atmosphere at the time. After the organism’s 
death, however, no new carbon is ingested, and the proportion of carbon-14 in the organ- 
ism’s remains decreases as the carbon-14 decays. 

Scientists who do carbon-14 dating often use a figure of 5730 years for its half-life. Find 
the age of a sample in which 10% of the radioactive nuclei originally present have decayed. 


Solution We use the decay equation y = yoe™’. There are two things to find: the value 
of k and the value of t when y is 0.9y) (90% of the radioactive nuclei are still present). That 
is, find t when ype = 0.9y9, or @“ = 0.9. 


The value of k. We use the half-life Equation (7): 


_ In2 _ In2 
half-life 5730 


k (about 1.2 x 10~*). 


The value of t that makes e™ = 0.9. 


e* = 0.9 
e-(in2/5730)" — 9.9 
~ wee = 1n0.9 Logs of both sides 
_ _ 57301n0.9 _ 
t= in? 871 years 
The sample is about 871 years old. = 


Heat Transfer: Newton’s Law of Cooling 


Hot soup left in a tin cup cools to the temperature of the surrounding air. A hot silver bar 
immersed in a large tub of water cools to the temperature of the surrounding water. In situ- 
ations like these, the rate at which an object’s temperature is changing at any given time is 
roughly proportional to the difference between its temperature and the temperature of the 
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surrounding medium. This observation is called Newton’s Law of Cooling, although it 


applies to warming as well. 
If H is the temperature of the object at time ¢ and H, is the constant surrounding tem- 


perature, then the differential equation is 


dH _ _ 
p= MH — Hs). (8) 
If we substitute y for (H — Hs), then 
dy_d _dH_d 
dt dtl — Hs) = a — AS) 
=e. 0 Hg i tant 
dt s 1S a constant. 
_ dH 
dt 
= —k(H — Hs) Eq. (8) 
= —ky. H-H,=y 


Now we know that the solution of dy/dt = —ky is y = ype“, where y(0) = yo. Substitut- 
ing (H — Hs) for y, this says that 
H — Hy = (Hy — Hye, (9) 


where Hp is the temperature at t = 0. This equation is the solution to Newton’s Law of 
Cooling. 


EXAMPLE 6 A hard-boiled egg at 98°C is put in a sink of 18°C water. After 5 min, 
the egg’s temperature is 38°C. Assuming that the water has not warmed appreciably, how 
much longer will it take the egg to reach 20°C? 


Solution We find how long it would take the egg to cool from 98°C to 20°C and sub- 
tract the 5 min that have already elapsed. Using Equation (9) with H, = 18 and Hy = 98, 
the egg’s temperature f min after it is put in the sink is 


H = 18 + (98 — 18)e™ = 18 + 80e™. 
To find k, we use the information that H = 38 when t = 5: 


38 = 18 + 80e% 


gah = ‘ 
—5k = in =—I|n4 
4 
k= En 4=0.21n4 (about 0.28). 


The egg’s temperature at time ¢ is H = 18 + 80e-©?'4", Now find the time ¢ when 
H = 20: 


20 = 18 + 80e~(02In4y: 
80 e724 — 9 
eo (0.2In4yr — 46 
—(0.21n4)r = Ings = —In40 
t= and ~ 13 min. 


The egg’s temperature will reach 20°C about 13 min after it is put in the water to cool. 
Since it took 5 min to reach 38°C, it will take about 8 min more to reach 20°C. |_| 


Exercises 


Verifying Solutions 
In Exercises 1-4, show that each function y = f(x) is a solution of the 
accompanying differential equation. 


1. 


4. 


2y’ + 3y = e* 

a y=e~* b. y = e* + & G2 

ce y= er + Ce 8/2 

y! _ y? 

a ae b y=- : ¢ ———_ 
ed x “le x+3 y x+C 


x 
t 
y=3f qi Sy haya e 
1 


Pa 
1 7 ; 2x3 
= M1) tr dt: + = 1 
_ 7) _ fear 


Initial Value Problems 
In Exercises 5—8, show that each function is a solution of the given 
initial value problem. 


Differential Initial Solution 
equation equation candidate 
Pb = 2 = = ,%* = x 
5. y'+y ie y(-In2) = 5 y = e*tan !(2e*) 
6. y) =e* — 2xy y(2) = y=(x- er 
7. xy’ + y =—sinx, (3) _ y= — 
x>0 
Dt se ee a = ee 
8. x*y xy-y, y(e) =e ae 
x> 1 
Separable Differential Equations 
Solve the differential equation in Exercises 9-22. 
dy dy, 
9. Vays = 1, 4y>0 10.5 =xVy, y>0 
dy dy 
See a =y¥ ae ee 2 -y 
11. rT 12. ae 3x e 
d dy 
= 2 = 
13. 5 Vycos? Vy 14. V2xy 5 
dy dy ; 
SY pyt+Vx J! = py tsms 
15. Vaz e > x>0 ~~ 16. (sec i e 
dy 
17. mo V1 y, -l<y<1l 
dy ex-y 
18. a ee 
dy ly 
22% _ 2,23 _ 6,2 eager = 49 = 
19. y a 3x*y 6x 20. ram. | + 3x — 2y — 6 
1 dy — x rd dy = X-yY 4 xX 4 ry oh 
21. ya, Ne + 2WVye 22. 7 eyr+er+er%+1 


Applications and Examples 

The answers to most of the following exercises are in terms of loga- 
rithms and exponentials. A calculator can be helpful, enabling you to 
express the answers in decimal form. 


23. 


Human evolution continues The analysis of tooth shrinkage 
by C. Loring Brace and colleagues at the University of Michi- 
gan’s Museum of Anthropology indicates that human tooth size is 
continuing to decrease and that the evolutionary process did not 
come to a halt some 30,000 years ago, as many scientists contend. 
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24. 


25. 


26. 


27. 


28. 
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In northern Europeans, for example, tooth size reduction now has 
a rate of 1% per 1000 years. 


a. Iftrepresents time in years and y represents tooth size, use the 
condition that y = 0.99y) when t = 1000 to find the value of 
k in the equation y = yge*. Then use this value of k to answer 
the following questions. 

b. In about how many years will human teeth be 90% of their 
present size? 

c. What will be our descendants’ tooth size 20,000 years from 
now (as a percentage of our present tooth size)? 


Atmospheric pressure The earth’s atmospheric pressure p is often 
modeled by assuming that the rate dp/dh at which p changes with 
the altitude h above sea level is proportional to p. Suppose that the 
pressure at sea level is 1013 millibars (about 14.7 pounds per square 
inch) and that the pressure at an altitude of 20 km is 90 millibars. 

a. Solve the initial value problem 

dp/dh = kp (kaconstant) 

P= Po h=0 

to express p in terms of h. Determine the values of pp and k 
from the given altitude-pressure data. 


Differential equation: 


Initial condition: when 


b. What is the atmospheric pressure at h = 50 km? 
c. At what altitude does the pressure equal 900 millibars? 


First-order chemical reactions In some chemical reactions, 
the rate at which the amount of a substance changes with time is 
proportional to the amount present. For the change of 6-glucono 
lactone into gluconic acid, for example, 

dy 

dt 
when f is measured in hours. If there are 100 grams of 5-glucono 
lactone present when ¢ = 0, how many grams will be left after 
the first hour? 


= —0.6y 


The inversion of sugar The processing of raw sugar has a step 
called “inversion” that changes the sugar’s molecular structure. 
Once the process has begun, the rate of change of the amount of 
raw sugar is proportional to the amount of raw sugar remaining. If 
1000 kg of raw sugar reduces to 800 kg of raw sugar during the first 
10 hours, how much raw sugar will remain after another 14 hours? 


Working underwater The intensity L(x) of light x feet beneath 
the surface of the ocean satisfies the differential equation 

dL _ 

= 
As a diver, you know from experience that diving to 18 ft in the Carib- 
bean Sea cuts the intensity in half. You cannot work without artificial 
light when the intensity falls below one-tenth of the surface value. 
About how deep can you expect to work without artificial light? 


—kL. 


Voltage in a discharging capacitor Suppose that electricity is 
draining from a capacitor at a rate that is proportional to the volt- 
age V across its terminals and that, if t is measured in seconds, 


Solve this equation for V, using Vp to denote the value of V when 
t = 0. How long will it take the voltage to drop to 10% of its 
original value? 
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Cholera bacteria Suppose that the bacteria in a colony can 
grow unchecked, by the law of exponential change. The colony 
starts with 1 bacterium and doubles every half-hour. How many 
bacteria will the colony contain at the end of 24 hours? (Under 
favorable laboratory conditions, the number of cholera bacteria 
can double every 30 min. In an infected person, many bacteria are 
destroyed, but this example helps explain why a person who feels 
well in the morning may be dangerously ill by evening.) 


Growth of bacteria A colony of bacteria is grown under ideal 
conditions in a laboratory so that the population increases expo- 
nentially with time. At the end of 3 hours there are 10,000 bacteria. 
At the end of 5 hours there are 40,000. How many bacteria were 
present initially? 


The incidence of a disease (Continuation of Example 4.) Sup- 
pose that in any given year the number of cases can be reduced by 
25% instead of 20%. 


a. How long will it take to reduce the number of cases to 1000? 


b. How long will it take to eradicate the disease, that is, reduce 
the number of cases to less than 1? 


Drug concentration An antibiotic is administered intrave- 
nously into the bloodstream at a constant rate r. As the drug flows 
through the patient’s system and acts on the infection that is pres- 
ent, it is removed from the bloodstream at a rate proportional to 
the amount in the bloodstream at that time. Since the amount of 
blood in the patient is constant, this means that the concentration 
y = y(t) of the antibiotic in the bloodstream can be modeled by 
the differential equation 
dy 


a = r-—ky, k > 0 and constant. 


a. If y(O) = yo, find the concentration y(f) at any time f. 


b. Assume that yo < (r/k) and find lim,_,.y(7). Sketch the 
solution curve for the concentration. 


Endangered species Biologists consider a species of animal or 
plant to be endangered if it is expected to become extinct within 20 
years. If a certain species of wildlife is counted to have 1147 mem- 
bers at the present time, and the population has been steadily declin- 
ing exponentially at an annual rate averaging 39% over the past 7 
years, do you think the species is endangered? Explain your answer. 


The U.S. population The U.S. Census Bureau keeps a running 
clock totaling the U.S. population. On September 20, 2012, the 
total was increasing at the rate of 1 person every 12 sec. The 
population figure for 8:11 p.m. EST on that day was 314,419,198. 


a. Assuming exponential growth at a constant rate, find the rate 
constant for the population’s growth (people per 365-day year). 


b. At this rate, what will the U.S. population be at 8:11 p.m. EST 
on September 20, 2019? 


Oil depletion Suppose the amount of oil pumped from one of 
the canyon wells in Whittier, California, decreases at the continu- 
ous rate of 10% per year. When will the well’s output fall to one- 
fifth of its present value? 


Continuous price discounting To encourage buyers to place 
100-unit orders, your firm’s sales department applies a continu- 
ous discount that makes the unit price a function p(x) of the num- 
ber of units x ordered. The discount decreases the price at the rate 
of $0.01 per unit ordered. The price per unit for a 100-unit order 
is p(100) = $20.09. 
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a. Find p(x) by solving the following initial value problem: 


Diff ial a dp 
ifferential equation: dk 7 100? 


Initial condition: p(100) = 20.09. 


b. Find the unit price p(10) for a 10-unit order and the unit price 
p(90) for a 90-unit order. 


c. The sales department has asked you to find out if it is dis- 
counting so much that the firm’s revenue, r(x) = x- p(x), will 
actually be less for a 100-unit order than, say, for a 90-unit 
order. Reassure them by showing that r has its maximum 
value at x = 100. 


d. Graph the revenue function r(x) = xp(x) for 0 = x = 200. 


Plutonium-239 The half-life of the plutonium isotope is 24,360 
years. If 10 g of plutonium is released into the atmosphere by a 
nuclear accident, how many years will it take for 80% of the iso- 
tope to decay? 


Polonium-210 The half-life of polonium is 139 days, but your 
sample will not be useful to you after 95% of the radioactive 
nuclei present on the day the sample arrives has disintegrated. For 
about how many days after the sample arrives will you be able to 
use the polonium? 


The mean life of a radioactive nucleus Physicists using the 
radioactivity equation y = yye™ call the number 1 /k the mean life 
of a radioactive nucleus. The mean life of a radon nucleus is about 
1/0.18 = 5.6 days. The mean life of a carbon-14 nucleus is more 
than 8000 years. Show that 95% of the radioactive nuclei originally 
present in a sample will disintegrate within three mean lifetimes, 
i.e., by time t = 3/k. Thus, the mean life of a nucleus gives a quick 
way to estimate how long the radioactivity of a sample will last. 


Californium-252 What costs $27 million per gram and can be 
used to treat brain cancer, analyze coal for its sulfur content, and 
detect explosives in luggage? The answer is californium-252, a radio- 
active isotope so rare that only 8 g of it have been made in the West- 
ern world since its discovery by Glenn Seaborg in 1950. The half-life 
of the isotope is 2.645 years—long enough for a useful service life 
and short enough to have a high radioactivity per unit mass. One 
microgram of the isotope releases 170 million neutrons per minute. 


a. What is the value of k in the decay equation for this isotope? 
b. What is the isotope’s mean life? (See Exercise 39.) 


c. How long will it take 95% of a sample’s radioactive nuclei to 
disintegrate? 

Cooling soup Suppose that a cup of soup cooled from 90°C to 

60°C after 10 min in a room whose temperature was 20°C. Use 

Newton’s Law of Cooling to answer the following questions. 


a. How much longer would it take the soup to cool to 35°C? 


b. Instead of being left to stand in the room, the cup of 90°C 
soup is put in a freezer whose temperature is —15°C. How 
long will it take the soup to cool from 90°C to 35°C? 


A beam of unknown temperature An aluminum beam was 
brought from the outside cold into a machine shop where the tem- 
perature was held at 65°F. After 10 min, the beam warmed to 
35°F and after another 10 min it was 50°F. Use Newton’s Law of 
Cooling to estimate the beam’s initial temperature. 


Surrounding medium of unknown temperature A pan of 
warm water (46°C) was put in a refrigerator. Ten minutes later, the 
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water’s temperature was 39°C; 10 min after that, it was 33°C. Use 
Newton’s Law of Cooling to estimate how cold the refrigerator was. 


Silver cooling in air The temperature of an ingot of silver is 
60°C above room temperature right now. Twenty minutes ago, it 
was 70°C above room temperature. How far above room temper- 
ature will the silver be 


a. 15 min from now? 
b. 2 hours from now? 
c. When will the silver be 10°C above room temperature? 


The age of Crater Lake The charcoal from a tree killed in the 
volcanic eruption that formed Crater Lake in Oregon contained 
44.5% of the carbon-14 found in living matter. About how old is 
Crater Lake? 


The sensitivity of carbon-14 dating to measurement To see 
the effect of a relatively small error in the estimate of the amount 
of carbon-14 in a sample being dated, consider this hypothetical 
situation: 


a. A bone fragment found in central [linois in the year 2000 
contains 17% of its original carbon-14 content. Estimate the 
year the animal died. 


b. Repeat part (a), assuming 18% instead of 17%. 
c. Repeat part (a), assuming 16% instead of 17%. 
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Carbon-14 The oldest known frozen human mummy, discov- 
ered in the Schnalstal glacier of the Italian Alps in 1991 and called 
Otzi, was found wearing straw shoes and a leather coat with goat 
fur, and holding a copper ax and stone dagger. It was estimated 
that Otzi died 5000 years before he was discovered in the melting 
glacier. How much of the original carbon-14 remained in Otzi at 
the time of his discovery? 


Art forgery A painting attributed to Vermeer (1632-1675), 
which should contain no more than 96.2% of its original car- 
bon-14, contains 99.5% instead. About how old is the forgery? 


Lascaux Cave paintings Prehistoric cave paintings of animals 
were found in the Lascaux Cave in France in 1940. Scientific 
analysis revealed that only 15% of the original carbon-14 in the 
paintings remained. What is an estimate of the age of the 
paintings? 

Incan mummy _ The frozen remains of a young Incan woman 
were discovered by archeologist Johan Reinhard on Mt. Ampato 
in Peru during an expedition in 1995. 


a. How much of the original carbon-14 was present if the esti- 
mated age of the “Ice Maiden” was 500 years? 


b. If a 1% error can occur in the carbon-14 measurement, what is 
the oldest possible age for the Ice Maiden? 


The hyperbolic functions are formed by taking combinations of the two exponential func- 
tions e* and e *. The hyperbolic functions simplify many mathematical expressions and 
occur frequently in mathematical and engineering applications. In this section we give a 
brief introduction to these functions, their graphs, their derivatives, their integrals, and 


their inverse functions. 


Definitions and Identities 


The hyperbolic sine and hyperbolic cosine functions are defined by the equations 


sinh x = 


ew —e* 


x _ e + e* 
5) and cosh x = ~<a. 


We pronounce sinh x as “cinch x,” rhyming with “pinch x,” and cosh x as “kosh x,” rhym- 
ing with “gosh x.” From this basic pair, we define the hyperbolic tangent, cotangent, 
secant, and cosecant functions. The defining equations and graphs of these functions are 
shown in Table 7.4. We will see that the hyperbolic functions bear many similarities to the 
trigonometric functions after which they are named. 

Hyperbolic functions satisfy the identities in Table 7.5. Except for differences in sign, 
these resemble identities we know for the trigonometric functions. The identities are 
proved directly from the definitions, as we show here for the second one: 


: e—e*"\[/e+e* 
2sinh x cosh x = 2{ >) )( >) ) 


sinh 2x. 
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TABLE 7.5 Identities for 
hyperbolic functions 


cosh? x — sinh? x = 1 
sinh 2x = 2 sinh x cosh x 


cosh 2x = cosh?x + sinh2x 


ee cosh =“ + 1 
ee cosh = = 1 


tanh*x = 1 — sech*x 


coth?x = 1 + csch?x 


TABLE 7.6 Derivatives of 
hyperbolic functions 


d ».: _ du 
ae (sinh u) = cosh u ae 


a — cap ae 
a (cosh u) = sinh We 


a = cech? , tH 
Fe (tanh u) = sech*u ae 


a = ~esch? yt 
ae (coth u) csch* u = 


d __ du 
a (sech uw) = —sech utanh u ie 


d — du 
Ae (csch u) = —csch ucoth u es 


TABLE 7.4 The six basic hyperbolic functions 


Y y=coshx y 
x A 


y =cothx 
e* _ e pa 
sare am) y=l 


y =cothx 
(b) (c) 
Hyperbolic sine: Hyperbolic cosine: Hyperbolic tangent: 
fog Beis: e+ e* fib gas sinhx _ e* — e* 
sinh x = 2 . 2 coshhx e+e* 
Hyperbolic cotangent: 
coshx _e“+e* 
coth x = = 


sinh x e—e* 


(d) (e) 
Hyperbolic secant: Hyperbolic cosecant: 
sech x = i : 1 2 
coshx e+ e~* esch x = _ 


sinhx e*—-—e* 


The other identities are obtained similarly, by substituting in the definitions of the 
hyperbolic functions and using algebra. Like many standard functions, hyperbolic func- 
tions and their inverses are easily evaluated with calculators, which often have special 
keys for that purpose. 

For any real number u, we know the point with coordinates (cos u, sin u) lies on the 
unit circle x” + y? = 1. So the trigonometric functions are sometimes called the circular 
functions. Because of the first identity 


cosh?u — sinh?u = 1, 


with wu substituted for x in Table 7.5, the point having coordinates (cosh u, sinh u) lies on 
the right-hand branch of the hyperbola x” — y? = 1. This is where the hyperbolic func- 
tions get their names (see Exercise 86). 

Hyperbolic functions are useful in finding integrals, which we will see in Chapter 8. 
They play an important role in science and engineering as well. The hyperbolic cosine 
describes the shape of a hanging cable or wire that is strung between two points at the same 
height and hanging freely (see Exercise 83). The shape of the St. Louis Arch is an inverted 
hyperbolic cosine. The hyperbolic tangent occurs in the formula for the velocity of an ocean 
wave moving over water having a constant depth, and the inverse hyperbolic tangent describes 
how relative velocities sum according to Einstein’s Law in the Special Theory of Relativity. 


Derivatives and Integrals of Hyperbolic Functions 


The six hyperbolic functions, being rational combinations of the differentiable functions 
e* and e~“, have derivatives at every point at which they are defined (Table 7.6). Again, 
there are similarities with trigonometric functions. 


TABLE 7.7 Integral formulas for 
hyperbolic functions 


sinh u du = coshu + C 


cosh udu = sinhu + C 


sech?u du = tanhu + C 


esch?u du = —cothu + C 


sech utanh udu = —sechu + C 


cesch ucoth u du = —cschu + C 


Rc Ri ee ee 


7.3 Hyperbolic Functions 441 


The derivative formulas are derived from the derivative of e": 


d.. dfe'—e" 
dy (sinh u) = dx a Definition of sinh u 
e“ du/dx + &" du/dx 
= 2 Derivative of e“ 
du 
= coshu Ae Definition of cosh u 


This gives the first derivative formula. From the definition, we can calculate the derivative 
of the hyperbolic cosecant function, as follows: 


g 1 
“(esch u) = Definition of csch u 
sinh u 
cosh udu ; , hae 
a gh Quotient Rule for derivatives 
sinh? u dx 


1 coshudu 
sinh u sinh u dx 


Rearrange terms. 


du 
= —csch u coth u— Definitions of csch u and coth u 


dx 


The other formulas in Table 7.6 are obtained similarly. 
The derivative formulas lead to the integral formulas in Table 7.7. 


EXAMPLE 1 We illustrate the derivative and integral formulas. 
d d 
(a) 4 (tanh Vi + 1?) = sech? V1 + peli + 1”) 


t 
= ———sech? V1 4+ ? 
V1l+? 


cosh 5x 1 / du u = sinh 5x, 
(b) [oot Sx dx = / sinh 5x dx = :/ u du = 5 cosh 5x dx 
= gin |u| + C= gin |sinh S| + 
(c) i. sinh? x dx = [ os = — ae Table 7.5 
1| sinh 2x , 
=>] (cosh2x — 1) dx = singe | 
2 Lf | 2 " 
= sma = a = 0.40672 Evaluate with a calculator. 


In2 - In2 
| 4e* © lle a Oe = | (2e** — 2) dx 
0 0 


[ e2* — oa (e2"2 — 21In2) — (1 — 0) 
4 —2In2 — 1 ~ 1.6137 = 


In2 
(d) : 4e* sinh x dx 
0 


Inverse Hyperbolic Functions 


The inverses of the six basic hyperbolic functions are very useful in integration (see 
Chapter 8). Since d(sinh x)/dx = cosh x > 0, the hyperbolic sine is an increasing func- 
tion of x. We denote its inverse by 


y = sinh”! x. 
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(x = sinh y) 


y = cosh x, 
Y y=sinhx y=x y= y yz 
* gf y y = sech! x ge 
C v4 cess a (x = sech y, V4 
i 7 y=sinh* x # 3 y=0) if 


y = cosh”! x 
(x = cosh y, y = 0) 
12345678 

(b) 


FPNwWHEUAA~7A 


oS 


FIGURE 7.8 The graphs of the inverse hyperbolic sine, cosine, and secant of x. Notice the symmetries about 
the line y = x. 


For every value of x in the interval —co < x < 0, the value of y = sinh”! x is the number 
whose hyperbolic sine is x. The graphs of y = sinhx and y = sinh'x are shown in 
Figure 7.8a. 

The function y = cosh x is not one-to-one because its graph in Table 7.4 does not 
pass the horizontal line test. The restricted function y = cosh x,x = 0, however, is one- 
to-one and therefore has an inverse, denoted by 


y = cosh! x. 


For every value of x = 1, y = cosh"! x is the number in the interval 0 < y < 00 whose 
hyperbolic cosine is x. The graphs of y = cosh x, x = 0, and y = cosh! x are shown in 
Figure 7.8b. 

Like y = cosh x, the function y = sech x = 1/cosh x fails to be one-to-one, but its 
restriction to nonnegative values of x does have an inverse, denoted by 


y = sech! x, 


For every value of x in the interval (0, 1], y = sech”!x is the nonnegative number whose 
hyperbolic secant is x. The graphs of y = sech x, x = 0, and y = sech"!x are shown in 
Figure 7.8c. 

The hyperbolic tangent, cotangent, and cosecant are one-to-one on their domains and 
therefore have inverses, denoted by 


y=tanh'x, y=coth'x, y=csch'!x. 


These functions are graphed in Figure 7.9. 


} 
x=cothy | 


aed 
y = coth |x; 


>Xx 
= 


v 
a 


(a) (b) (c) 
FIGURE 7.9 The graphs of the inverse hyperbolic tangent, cotangent, and cosecant of x. 
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TABLE 7.8 Identities for Useful Identities 


inverse hyperbolic functions We use the identities in Table 7.8 to calculate the values of sech”!x, csch”! x, and coth ! x 
on calculators that give only cosh"! x, sinh”'x, and tanh”! x. These identities are direct 
sech !x = cosh7!4 consequences of the definitions. For example, if 0 < x = 1, then 
esch x = sinh!+ sech (cosn-#()) = u Sete y 
cosh (cos! (+) (1) 
coth !x = tanh! 4 


We also know that sech (sech”! x) = x, so because the hyperbolic secant is one-to-one on 


(0, 1], we have 
cosh ! (1) = sech ! x. 


Derivatives of Inverse Hyperbolic Functions 


An important use of inverse hyperbolic functions lies in antiderivatives that reverse the 
derivative formulas in Table 7.9. 


TABLE 7.9 Derivatives of inverse hyperbolic functions 
d(sinh! uv) 1 du 

dx 7 V1 + eax 
d(cosh ! u) 1 du 4 

dx ff = [ex i 
d(tanh | u) 1 du 

de T= pa’ esa 
d(coth ! u) 1 du 

dx ~ 1 — dx’ || au 
dsech | u) _ 1 du 

dx uJ] — wa’ os 
d(csch ! u) 1 du a 

dx jul Vi + wax’ ™ 


The restrictions |u| < 1 and |u| > 1 on the derivative formulas for tanh”! wu and 
coth"!u come from the natural restrictions on the values of these functions. (See Figure 7.9a 
and b.) The distinction between |u| < 1 and |u| > 1 becomes important when we con- 
vert the derivative formulas into integral formulas. 

We illustrate how the derivatives of the inverse hyperbolic functions are found in 
Example 2, where we calculate d(cosh"'u)/dx. The other derivatives are obtained by 
similar calculations. 


EXAMPLE 2 Show that if u is a differentiable function of x whose values are greater 
than 1, then 


1 du 


B hcue ty = —__— 
dx Vie — 1a 
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Solution First we find the derivative of y = cosh! x for x > 1 by applying Theorem 3 
of Section 3.8 with f(x) = coshx and f '(x) = cosh'!x. Theorem 3 can be applied 
because the derivative of cosh x is positive for 0 < x. 


a 1 
(f ye) aa ee ee Theorem 3, Section 3.8 
FOG" @) 
= 1 : 
See f'@ = sinhu 
sinh (cosh x) 
_ 1 cosh?u — sinh?u = 1, 
Veostrtcodr x)= 1 -uukge aera s a 
= _ cosh (cosh! x) = x 
vi] 
HISTORICAL BIOGRAPHY The Chain Rule gives the final result: 
Sonya Kovalevsky d 1 d 
e ca ei ee et Se 
(1850-1891) gy (COSH') = Toei a 


With appropriate substitutions, the derivative formulas in Table 7.9 lead to the integra- 
tion formulas in Table 7.10. Each of the formulas in Table 7.10 can be verified by differen- 
tiating the expression on the right-hand side. 


TABLE 7.10 Integrals leading to inverse hyperbolic functions 


I IgS = sinh! (x) + C, a>0O 
a u 


du _jfu 
2. | ter oow'(t) + u>a>0 
Vue — a2 (:) : 
j Lant* (i) + C, w< a 
u 
a u 1 _j{Uu 2 i) 
qcoth a + C, ue > ae 


4 


: l=- Lecrt(#) + 6, 0O<u<a 


u 
a 


=e Oo u*# Oanda > 0 


1 sch"! 


du = 
; lene + Ww 


EXAMPLE 3 Evaluate 


i 2 de 
0 V3 + 4x2" 


Solution The indefinite integral is 


Tea = 
Xx a u 


: = u 
sinh! (x) +c Formula from Table 7.10 


sinh”! (24) fe 


Therefore, 
1 


2 dx 
0 V3 + 4x2 


Exercises 


Values and Identities 

Each of Exercises 14 gives a value of sinh x or cosh x. Use the defi- 
nitions and the identity cosh*x — sinh*x = | to find the values of the 
remaining five hyperbolic functions. 


: ee: : _4 
1. sinhx = 4 2. sinh x = 3 
3. cosh x = 72, x>0 4. cosh x =, x>0 


Rewrite the expressions in Exercises 5—10 in terms of exponentials 
and simplify the results as much as you can. 


5. 2 cosh (In x) 6. sinh (2 In x) 

7. cosh 5x + sinh 5x 8. cosh 3x — sinh 3x 
9. (sinh x + cosh x)* 

10. In(cosh x + sinh x) + In(cosh x — sinh x) 


11. Prove the identities 


sinh(x + y) = sinh x cosh y + cosh xsinh y, 


cosh(x + y) = coshx cosh y + sinh xsinh y. 
Then use them to show that 
a. sinh 2x = 2 sinh x cosh x. 
b. cosh 2x = cosh?x + sinh? x. 


12. Use the definitions of cosh x and sinh x to show that 


cosh*x — sinh?x = 1. 


Finding Derivatives 
In Exercises 13-24, find the derivative of y with respect to the appro- 
priate variable. 


13. y= 6sinh 14. y= sinh (2x + 1) 
15. y = 2V tanh Vt 16. y = Ptanh + 
17. y = In(sinh z) 18. y = In(cosh z) 


19. y = sech @(1 — Insech@) 20. y = csch @(1 — Incsch @) 


22. y = Insinh v — Sot? v 


21. y = Incosh v — Stank? v 

23. y = (x? + 1)sech (in x) 
(Hint: Before differentiating, express in terms of exponentials 
and simplify.) 


24. y = (4x? — 1)csch (In 2x) 
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sinh ! (2,) — sinh |! (0) 


2 sinh" (2) ~ 0 ~ 0.98665. P 


-om(3)] 


In Exercises 25-36, find the derivative of y with respect to the appro- 
priate variable. 


25. y = sinh! Vx 26. y = cosh !2Vx + 1 

27. y = (1 — 6)tanh 6 28. y = (67 + 20)tanh !(6 + 1) 

29. y = (1 — Neoth! Vr 30. y = (1 — P)coth"!t 

31. y = cos !x — xsech!x 32. y = Inx + V1 — 2? sech™!x 
8 

33. y = csch! (5) 34. y = csch!2° 


35. y = sinh! (tan x) 
36. y = cosh !(secx), 0<x< w/2 


Integration Formulas 
Verify the integration formulas in Exercises 37-40. 


37. a. [ secn a = tan !(sinhx) + C 


/ sech x dx = sin !(tanh x) + C 


x coth’!x dx = * 


b. 
2 Bile ao 1 
38. J ssect 'ydx = 7 sech 'y 5 1-”+C 
39. y 


40. [ante va = xtanh!x + sinc —-x)+C 


Evaluating Integrals 
Evaluate the integrals in Exercises 41-60. 


41. / sinh 2x dx 42. / sinh za 
43. [cost (5 —In 3) dx 44, [Acost (3x — In 2) dx 
45 / tanh ~dx 46. / coth ag 

7 V3 


47. [vor (: a ;) dx 48. J cstte — x)dx 


49 ‘i sech Vt tanh Vt dt 0 csch (In f) coth (In ¢) dt 
; aa’ i, 7 


In4 In2 
51. i coth x dx 52. | tanh 2x dx 
In2 0 
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—In2 
53. : 2e’ cosh 6 dé 


In2 
54. / 4e sinh 0 d0 
In4 0 


a/4 a/2 
55. | cosh(tan @)sec*@d@ 56. i: 2 sinh (sin 9) cos 6 d@ 
S 0 


a/4 

~ cosh (Inf) “8 cosh Vx 

57. — —dt 58. eo 
le ac 


0 InlO 
59, / cosh? (5) dx 60. | 4 sinh? (3) dx 
=In2 0 


Inverse Hyperbolic Functions and Integrals 

When hyperbolic function keys are not available on a calculator, it is 
still possible to evaluate the inverse hyperbolic functions by express- 
ing them as logarithms, as shown here. 


dx 


sinh! x = In(x + Vix2 + 1), —0o0 <x < © 
cosh !x = In (x + Vx? - i). x=1 
aie = tig = lx| <1 
2°1-x 
\/7 2 x2 
sech !x = n(? * a sa ) 0O<x<1 
esch |x = in(} + 1 7 “), #0 
x 

= 1,x+1 

coth x = yin lx] 1 


Use the formulas in the box here to express the numbers in Exercises 
61-66 in terms of natural logarithms. 


61. sinh”! (—5/12) 62. cosh! (5/3) 
63. tanh”! (—1/2) 64. coth!(5/4) 
65. sech | (3/5) 66. csch !(—1/V3) 


Evaluate the integrals in Exercises 67—74 in terms of 


a. inverse hyperbolic functions. 
b. natural logarithms. 


I - ie [ 6 dx 
0 


3/13 2 
71 a 72 | a 
ys xV1 — 16x? 1x 
74. / — 
1 xV1 + (nx)? 
Applications and Examples 


cos x dx 
o VI + sin?x 
75. Show that if a function f is defined on an interval symmetric 
about the origin (so that f is defined at —x whenever it is defined 
at x), then 


73. 


+ f(- =f 
f@) _ FQ) = 41) = = (1) 


76. 


77. 


78. 


79. 


80. 


81. 


82. 


83. 


Then show that (f(x) + f(-x))/2 is even and that (f(x) — 
f(—x))/2 is odd. 


Derive the formula sinh”!x = In(x + Vx? + 1) for all real x. 
Explain in your derivation why the plus sign is used with the 
square root instead of the minus sign. 


Skydiving If a body of mass m falling from rest under the 
action of gravity encounters an air resistance proportional to the 
square of the velocity, then the body’s velocity t sec into the fall 
satisfies the differential equation 
ia = mg — kv 
dt , 
where k is a constant that depends on the body’s aerodynamic 
properties and the density of the air. (We assume that the fall is 
short enough so that the variation in the air’s density will not 
affect the outcome significantly.) 


a. Show that 


satisfies the differential equation and the initial condition that 
v = 0 when ¢ = 0. 
b. Find the body’s limiting velocity, lim,—.ov. 


c. For a 160-lb skydiver (mg = 160), with time in seconds and 
distance in feet, a typical value for k is 0.005. What is the 
diver’s limiting velocity? 

Accelerations whose magnitudes are proportional to displace- 

ment Suppose that the position of a body moving along a coor- 

dinate line at time f is 

acos kt + bsin kt. 


acosh kt + b sinh kt. 


as 
b. s 
Show in both cases that the acceleration d*s/dt? is proportional to 


s but that in the first case it is directed toward the origin, whereas 
in the second case it is directed away from the origin. 


Volume A region in the first quadrant is bounded above by the 
curve y = cosh x, below by the curve y = sinh x, and on the left 
and right by the y-axis and the line x = 2, respectively. Find the vol- 
ume of the solid generated by revolving the region about the x-axis. 


Volume The region enclosed by the curve y = sechx, the 
x-axis, and the lines x = + In V3 is revolved about the x-axis to 
generate a solid. Find the volume of the solid. 


Arc length Find the length of the graph of y = (1/2) cosh 2x 
from x = 0 tox = InV5. 


Use the definitions of the hyperbolic functions to find each of the 
following limits. 


a. lim tanh x b. lim tanh x 
x00 x——00 

ce. lim sinh x d. lim sinh x 
x—00 x——00 

e. lim sech x f. lim coth x 
x00 x—0Oo 

g. limcothx h. limcoth x 
x—0r x0" 


i. lim cschx 

x—>-00 
Hanging cables Imagine a cable, like a telephone line or TV 
cable, strung from one support to another and hanging freely. The 
cable’s weight per unit length is a constant w and the horizontal 


tension at its lowest point is a vector of length H. If we choose a 
coordinate system for the plane of the cable in which the x-axis is 
horizontal, the force of gravity is straight down, the positive 
y-axis points straight up, and the lowest point of the cable lies at 
the point y = H/w on the y-axis (see accompanying figure), then 
it can be shown that the cable lies along the graph of the hyper- 
bolic cosine 


fe eeh ee 
y = woos H 
H w 
Y y=-—cosh=x 
y* Ww H 


Hanging 
cable 


H t ow 
0 


Such a curve is sometimes called a chain curve or a catenary, 
the latter deriving from the Latin catena, meaning “chain.” 


a. Let P(x, y) denote an arbitrary point on the cable. The next 
accompanying figure displays the tension at P as a vector of 
length (magnitude) T, as well as the tension H at the lowest 
point A. Show that the cable’s slope at P is 


we 
Hq 


dy, 
tan gd = — sinh 


>X 


b. Using the result from part (a) and the fact that the horizontal 
tension at P must equal H (the cable is not moving), show that 
T = wy. Hence, the magnitude of the tension at P(x, y) is 
exactly equal to the weight of y units of cable. 


84. (Continuation of Exercise 83.) The length of arc AP in the 
Exercise 83 figure is s = (1/a)sinh ax, where a = w/H. Show 
that the coordinates of P may be expressed in terms of s as 


x= 1 inh! as, oy =4/s? + oD 
85. Area Show that the area of the region in the first quadrant 
enclosed by the curve y = (1/a)cosh ax, the coordinate axes, 
and the line x = b is the same as the area of a rectangle of height 
1/aand length s, where s is the length of the curve from x = 0 to 

x = b. Draw a figure illustrating this result. 


86. The hyperbolic in hyperbolic functions Just as x = cos u and 
y = sin uw are identified with points (x, y) on the unit circle, the 
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functions x = coshu and y = sinh w are identified with points 
(x,y) on the right-hand branch of the unit hyperbola, 
eo-y=), 


Since cosh?u — sinh?u = 1, the point 
(cosh u, sinh u) lies on the right-hand 
branch of the hyperbola x? — y* = 1 
for every value of u. 


Another analogy between hyperbolic and circular functions 
is that the variable u in the coordinates (cosh u, sinh u) for the 
points of the right-hand branch of the hyperbola x? — y? = 1 is 
twice the area of the sector AOP pictured in the accompanying 
figure. To see why this is so, carry out the following steps. 


a. Show that the area A(u) of sector AOP is 
1 cosh u 
A(u) = cosh usinh u — i V2 — ldkx. 
1 


b. Differentiate both sides of the equation in part (a) with respect 
to u to show that 


A'(u) = ;. 


c. Solve this last equation for A(w). What is the value of A(0)? 
What is the value of the constant of integration C in your solu- 
tion? With C determined, what does your solution say about 
the relationship of u to A(u)? 


y 


Ba cea tiees 
| wis twice the area 


'of sector AOP. 
l >Xx 


u is twice the area 
of sector AOP. 


One of the analogies between hyperbolic and circular func- 
tions is revealed by these two diagrams (Exercise 86). 
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160 
140 
120 
100 


> X 


Pe pe aj 
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FIGURE 7.10 The graphs of e*, 2", 
and x?. 


FIGURE 7.11 Scale drawings of the 
graphs of e* and In x. 


It is often important in mathematics, computer science, and engineering to compare the 
rates at which functions of x grow as x becomes large. Exponential functions are important 
in these comparisons because of their very fast growth, and logarithmic functions because 
of their very slow growth. In this section we introduce the Jittle-oh and big-oh notation 
used to describe the results of these comparisons. We restrict our attention to functions 
whose values eventually become and remain positive as x — ©, 


Growth Rates of Functions 


You may have noticed that exponential functions like 2* and e* seem to grow more 
rapidly as x gets large than do polynomials and rational functions. These exponentials 
certainly grow more rapidly than x itself, and you can see 2° outgrowing x* as x 
increases in Figure 7.10. In fact, as x 0%, the functions 2* and e* grow faster than 
any power of x, even x!-0°0009 (Exercise 19). In contrast, logarithmic functions like 
y = logyx and y = Inx grow more slowly as x— oo than any positive power of x 
(Exercise 21). 

To get a feeling for how rapidly the values of y = e* grow with increasing x, think of 
graphing the function on a large blackboard, with the axes scaled in centimeters. At 
x =1cm, the graph is e! ~ 3cm above the x-axis. At x = 6cm, the graph is 
e° ~ 403 cm ~ 4m high (it is about to go through the ceiling if it hasn’t done so 
already). At x = 10 cm, the graph is e!° ~ 22,026cm ~ 220 m high, higher than most 
buildings. At x = 24 cm, the graph is more than halfway to the moon, and at x = 43 cm 
from the origin, the graph is high enough to reach past the sun’s closest stellar neighbor, 
the red dwarf star Proxima Centauri. By contrast, with axes scaled in centimeters, you 
have to go nearly 5 light-years out on the x-axis to find a point where the graph of y = In x 
is even y = 43 cm high. See Figure 7.11. 

These important comparisons of exponential, polynomial, and logarithmic functions 
can be made precise by defining what it means for a function f(x) to grow faster than 
another function g(x) as x > 09. 


DEFINITION Let f(x) and g(a) be positive for x sufficiently large. 
1. f grows faster than g as x > ©0 if 


lim Hx) = CO 
x00 (Xx) 
or, equivalently, if 
. &X) 
aie 


We also say that g grows slower than f as x — ov. 


2. f and g grow at the same rate as x — 00 if 


where L is finite and positive. 
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According to these definitions, y = 2x does not grow faster than y = x. The two 
functions grow at the same rate because 


lim = = lim 2 = 2, 


x—Co x00 


which is a finite, positive limit. The reason for this departure from more common usage is 
that we want “f grows faster than g” to mean that for large x-values g is negligible when 
compared with f. 


EXAMPLE 1 Let’s compare the growth rates of several common functions. 
(a) e* grows faster than x? as x — 00 because 


x x 


f= in =< in ee | eerie 
ae Bets aa) : sing l’Hopital’s Rule twice 


(b) 3* grows faster than 2* as x — Co because 


_ 3F  (3\" 
wae (3) ee 


(c) x? grows faster than In x as x — 00 because 


2 


hn. ees ‘ 2 : 
lim = lim = lim 2x° = oo, I’ Hopital’s Rule 
x00 Inx x00 1/x X00 


(d) Inx grows slower than x!/" as x > 00 for any positive integer n because 


lim ue lim als l’Hopital’s Rul 
x00 x! /n x00(1 /n)xO/9-! a eee 
: n F 
= lim = 0. n 1s constant. 
x00 x! /n 


(e) As part (b) suggests, exponential functions with different bases never grow at the 
same rate as x > 00. If a > b > 0, then a” grows faster than b*. Since (a/b) > 1, 


x x 
lim “= lim () = 00, 
x00 x00 b 
(f) In contrast to exponential functions, logarithmic functions with different bases a > 1 
and b > | always grow at the same rate as x > 0: 


log,x _ Inx/Ina [np 


eae ~~ associ x/Inb- Ina’ 


The limiting ratio is always finite and never zero. a 


If f grows at the same rate as g as x —> 00, and g grows at the same rate as h as x — 00, 
then f grows at the same rate as h as x — 00, The reason is that 


iit ad iia, 


x00 8 Zz yooh 
together imply 
ante 
Bn ig, ee 
If L, and L, are finite and nonzero, then so is LL». 
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EXAMPLE 2 Show that Vx? + 5 and (2Vx — 1)? grow at the same rate as x > 00, 


Solution We show that the functions grow at the same rate by showing that they both 
grow at the same rate as the function g(x) = x: 


_ Ver t5_ i. 5 
n—;— = 


li lim ,/1 + ia 1, 
x00 x00: x 
2Vx — 1)? — 1\2 2 
tig TE = iw (1) = (2S) = 


Order and Oh-Notation 


The “‘little-oh” and “big-oh” notation was invented by number theorists a hundred years 
ago and is now commonplace in mathematical analysis and computer science. Notice that 
saying f = o(g) as x © is another way to say that f grows slower than g as x > ©0, 


DEFINITION A function f is of smaller order than g as x—oo if 


lim = 0. We indicate this by writing f = o(g) (‘‘f is little-oh of g”). 


EXAMPLE 3 Here we use little-oh notation. 


(a) Inx = o(x) asx—0o because lim ae = 0 


(b) x7 = 0° + I)asx—>oo because lim 5 = 
xox? + | 


DEFINITION Let f(x) and g(x) be positive for x sufficiently large. Then f is of 
at most the order of g as x — © if there is a positive integer M for which 


ID iy 


g(x)” 


for x sufficiently large. We indicate this by writing f = O(g) (“f is big-oh of g’). 


EXAMPLE 4 Here we use big-oh notation. 


(a) x + sinx = O(x) asx—>©O because =_— = 2 for x sufficiently large. 
2 
etx = as x > ©O ecause ——>lasx—> ©, 
(b) e + x2 = Oe) b Ee asi 
Q x= e) as x > 00 ecause —+—7U0asx—-oo, 
(©) Ole") b ea P| 


If you look at the definitions again, you will see that f = o(g) implies f = O(g) for func- 
tions that are positive for x sufficiently large. Also, if f and g grow at the same rate, then 
f = O(g) and g = O(f) (Exercise 11). 


Sequential vs. Binary Search 


Computer scientists often measure the efficiency of an algorithm by counting the number 
of steps a computer must take to execute the algorithm. There can be significant differences 
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in how efficiently algorithms perform, even if they are designed to accomplish the same 
task. These differences are often described in big-oh notation. Here is an example. 

Webster’s International Dictionary lists about 26,000 words that begin with the letter 
a. One way to look up a word, or to learn if it is not there, is to read through the list one 
word at a time until you either find the word or determine that it is not there. This method, 
called sequential search, makes no particular use of the words’ alphabetical arrangement 
in the list. You are sure to get an answer, but it might take 26,000 steps. 

Another way to find the word or to learn it is not there is to go straight to the middle 
of the list (give or take a few words). If you do not find the word, then go to the middle of 
the half that contains it and forget about the half that does not. (You know which half con- 
tains it because you know the list is ordered alphabetically.) This method, called a binary 
search, eliminates roughly 13,000 words in a single step. If you do not find the word on 
the second try, then jump to the middle of the half that contains it. Continue this way until 
you have either found the word or divided the list in half so many times there are no words 
left. How many times do you have to divide the list to find the word or learn that it is not 
there? At most 15, because 


(26,000/2!5) < 1. 


That certainly beats a possible 26,000 steps. 

For a list of length n, a sequential search algorithm takes on the order of n steps to find 
a word or determine that it is not in the list. A binary search, as the second algorithm is 
called, takes on the order of log,n steps. The reason is that if 2”~!' <n < 2”, then 
m — 1 < log,n = m, and the number of bisections required to narrow the list to one 
word will be at most m = | log, |, the integer ceiling for log, n. 

Big-oh notation provides a compact way to say all this. The number of steps in a 
sequential search of an ordered list is O(n); the number of steps in a binary search is 
O(log, n). In our example, there is a big difference between the two (26,000 vs. 15), and 
the difference can only increase with n because n grows faster than log,n as n 00, 


Summary 


The integral definition of the natural logarithm function In x in Section 7.1 is the key to 
obtaining precisely the exponential and logarithmic functions a* and log, x for any base 
a > 0. The differentiability and increasing behavior of In x allow us to define its differen- 
tiable inverse, the natural exponential function e*, through Theorem 3 in Chapter 3. Then 
e* provides for the definition of the differentiable function a* = e*!“, giving a simple and 
precise meaning of irrational exponents, and from which we see that every exponential 
function is just e* raised to an appropriate power, Ina. The increasing (or decreasing) 
behavior of a* gives its differentiable inverse log, x, using Theorem 3 again. Moreover, we 
saw that log, x = (In x)/(n a) is just a multiple of the natural logarithm function. So e* 
and In x give the entire array of exponential and logarithmic functions using the algebraic 
operations of taking constant powers and constant multiples. Furthermore, the differentia- 
bility of e* and a* establishes the existence of the limits 


ho Ao 
lim Lead ad tim 2 


: =Ina 
h—>0 h h-0 h 


(claimed in Section 3.3) as the slopes of those functions where they cross the y-axis. These 
limits were foundational to defining informally the natural exponential function e* in 
Section 3.3, which then gave rise to In x as its inverse in Section 3.8. 

In this chapter we have seen the important roles the exponential and logarithmic func- 
tions play in analyzing problems associated with growth and decay, in comparing the 
growth rates of various functions, and in measuring the efficiency of a computer algo- 
rithm. In Chapters 9 and 17 we will see that exponential functions play a major role in the 
solutions to differential equations. 
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Exercises 
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Comparisons with the Exponential e* 
1. Which of the following functions grow faster than e* as x — 00? 


Which grow at the same rate as e*? Which grow slower? 


a. x — 3 b. x9 + sin?x 
ce Vx d. 4° 

e. (3/2) f. e? 

g. e'/2 h.  logyox 


. Which of the following functions grow faster than e* as x — 00? 
Which grow at the same rate as e*? Which grow slower? 


Comparisons with the Power x? 


a. 10x* + 30x + 1 b. xInx—-—x 
« Vitx d. (5/2)° 

es e* f. xe" 

g. e6* he! 


3. Which of the following functions grow faster than x” as x > 00? 
Which grow at the same rate as x”? Which grow slower? 


a. x7 + 4x b. » - x? 
e Vit + 3 d. (x + 3? 
e. xInx f. 2 
g. xe7 h. 8x? 


4. Which of the following functions grow faster than x” as x > 00? 
Which grow at the same rate as x7? Which grow slower? 


ax t+ Vx b. 10x? 

ce. x°e* d. logi (x?) 
e. x — x? f. (1/10¥ 
g. (1.1)* h. x2 + 100x 


Comparisons with the Logarithm In x 
5. Which of the following functions grow faster than In x as x — 00? 
Which grow at the same rate as In x? Which grow slower? 


a. log3x b. In 2x 
e. InVx d. Vx 

e. x f. 5Inx 
g. 1/x h. e* 


. Which of the following functions grow faster than Inx as 
x— 00? Which grow at the same rate as In x? Which grow 
slower? 


a. log, (x?) b. logy 10x 
e. 1/Vx d. 1/x2 

e. x — 2Inx f. e* 

g. In (In x) h. In(2x + 5) 


Ordering Functions by Growth Rates 
7. Order the following functions from slowest growing to fastest 


growing as x — 00, 
b. x* 
d. ev? 


a. e* 


c. (Inx)* 


8. Order the following functions from slowest growing to fastest 
growing as x > ©, 
a: 2” b. x? 
ec. (In2)* d. e* 
Big-oh and Little-oh; Order 
9. True, or false? As x > 0, 
a. x = o(x) b. x = o(x + 5) 
ec. x = O(x + 5) d. x = O(2x) 
e. e* = o(e”) f. x + Inx = O(x) 
g. Inx = o(In2x) h. Vx? + 5 = Ox) 


10. 


11. 


12. 


13. 


14. 


True, or false? As x > &, 


i) 
rw 
+e 
Ine 
ll 
i * 
ale 
eed 
is 
ale 
t 
I+ 
ll 
iis 
Sle 
peed 


—— 5= o(t) d. 2 + cosx = O(2) 


e. e + x = O(e’) f. xInx = o(x’) 

g. In(inx) = Odn x) h. In(x) = o(in(x? + 1)) 

Show that if positive functions f(x) and g(x) grow at the same rate 
as x > 00, then f = O(g) and g = O(f). 


When is a polynomial f(x) of smaller order than a polynomial 
g(x) as x — 00? Give reasons for your answer. 


When is a polynomial f(x) of at most the order of a polynomial 
g(x) as x —> CO? Give reasons for your answer. 


What do the conclusions we drew in Section 2.8 about the limits 
of rational functions tell us about the relative growth of polyno- 
mials as x — 00? 


Other Comparisons 


15. 


16. 


17. 


18. 
19. 


20. 


Investigate 
— In@+t+ 1) _ In@ + 999) 
lim ————— and lim ——_——_—. 
xooo)§=6odINx x00 In x 


Then use |’ H6pital’s Rule to explain what you find. 


(Continuation of Exercise 15.) Show that the value of 


is the same no matter what value you assign to the constant a. 
What does this say about the relative rates at which the functions 
f(x) = In@ + a) and g(x) = Inx grow? 

Show that V10x + 1 and Vx + 1 grow at the same rate as 


x — ©O by showing that they both grow at the same rate as Vx as 
xX OO, 


Show that Vx4 + x and Vx* — x3 grow at the same rate as x > 00 


by showing that they both grow at the same rate as x? as x > 00, 


Show that e* grows faster as x — 00 than x” for any positive inte- 
ger n, even x!:°00.090 (Hint: What is the nth derivative of x?) 


The function e* outgrows any polynomial 
faster as x — 00 than any polynomial 


Show that e* grows 


AyX" + Gy—yx" 1 + +++ + ayx + ag. 


21. 


22. 
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a. Show that In x grows slower as x > ©o than x!/" for any posi- 
tive integer n, even x!/1,000,000_ 

b. Although the values of x!/1-00.000 eventually overtake the val- 
ues of In x, you have to go way out on the x-axis before this 
happens. Find a value of x greater than 1 for which 
x1/1,000,000 > In x, You might start by observing that when 
x > 1 the equation In x = x!/1:000.000 is equivalent to the 
equation In(In x) = (Inx)/1,000,000. 

c. Even x!/!° takes a long time to overtake In x. Experiment with 
a calculator to find the value of x at which the graphs of x!/!° 
and In x cross, or, equivalently, at which Inx = 10 In(In x). 
Bracket the crossing point between powers of 10 and then 
close in by successive halving. 

d. (Continuation of part (c).) The value of x at which In x = 
10 In(In x) is too far out for some graphers and root finders to 
identify. Try it on the equipment available to you and see 
what happens. 


The function In x grows slower than any polynomial Show 
that In x grows slower as x — 0° than any nonconstant polynomial. 


How is the natural logarithm function defined as an integral? 
What are its domain, range, and derivative? What arithmetic 
properties does it have? Comment on its graph. 


What integrals lead to logarithms? Give examples. 
What are the integrals of tan x and cot x? sec x and csc x? 


How is the exponential function e* defined? What are its domain, 
range, and derivative? What laws of exponents does it obey? 
Comment on its graph. 


How are the functions a* and log,x defined? Are there any 
restrictions on a? How is the graph of log,x related to the 
graph of In x? What truth is there in the statement that there is 
really only one exponential function and one logarithmic 
function? 


6. How do you solve separable first-order differential equations? 
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What is the law of exponential change? How can it be derived 
from an initial value problem? What are some of the applications 
of the law? 


Practice Exercises 


Integration 
Evaluate the integrals in Exercises 1-12. 


1. [esi (e*) dx 
3. | tan Fax 


2. [eos (3e' — 2) dt 


1/4 
4, | 2cot mx dx 
1/6 
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Chapter 7 Practice Exercises 


Algorithms and Searches 


23. 


Questions to Guide Your Review 


8. 


10. 


11. 
12. 


13. 
14. 
15. 


a. Suppose you have three different algorithms for solving the 
same problem and each algorithm takes a number of steps that 
is of the order of one of the functions listed here: 


3/2 
’ 


nlogyn, 1m n(logyn)’. 


Which of the algorithms is the most efficient in the long run? 
Give reasons for your answer. 

b. Graph the functions in part (a) together to get a sense of how 
rapidly each one grows. 


. Repeat Exercise 23 for the functions 


n, Vnlogyn, (logyn)?. 


Suppose you are looking for an item in an ordered list one million 
items long. How many steps might it take to find that item with a 
sequential search? A binary search? 


You are looking for an item in an ordered list 450,000 items long 
(the length of Webster’s Third New International Dictionary). 
How many steps might it take to find the item with a sequential 
search? A binary search? 


What are the six basic hyperbolic functions? Comment on their 
domains, ranges, and graphs. What are some of the identities 
relating them? 


. What are the derivatives of the six basic hyperbolic functions? 


What are the corresponding integral formulas? What similarities 
do you see here with the six basic trigonometric functions? 


How are the inverse hyperbolic functions defined? Comment on 
their domains, ranges, and graphs. How can you find values of 
sech !x, csch'!x, and coth'x using a calculator’s keys for 
cosh! x, sinh! x, and tanh”! x? 


What integrals lead naturally to inverse hyperbolic functions? 


How do you compare the growth rates of positive functions as 
x— 00? 


What roles do the functions e* and In x play in growth comparisons? 
Describe big-oh and little-oh notation. Give examples. 


Which is more efficient—a sequential search or a binary search? 
Explain. 


6. e* sec e* dx 


$. i} cos (1 - mY 
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1 

uf 
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Solving Equations with Logarithmic or Exponential Terms 
In Exercises 13-18, solve for y. 


13. 3” = 271 
15. 9c”) = x? 
17. Ingy- 1)=x+Iny 
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32 1 
10. | —dx 
, Ox 


4 
12, fo + Inpflnt dt 
2 


: dx 
In x 


14, 49 = 3912 

16. 3° = 3Inx 

18. In (10 In y) = In 5x 
Comparing Growth Rates of Functions 


19. Does f grow faster, slower, or at the same rate as g as x > 00? 
Give reasons for your answers. 


a. f(x) = logox, g(x) = log3x 
b. fQ@) =x, g(x) = xt : 
c. f(x) = x/100, g(x) = xe™ 
d. f(x) =x, g(x) = tan! x 
e. f(x) =esc!x, g(x) = 1/x 
f. f(@~) =sinhx, ga=e 


20. Does f grow faster, slower, or at the same rate as g as x > 00? 
Give reasons for your answers. 


a. f(x) = 3%, g(x) = 2* 
b. f(x) = In 2x, g(x) = Inx? 
c. f(x) = 10x? + 2x7, g(x) = e* 
d. f(x) =tan'(1/x), g(x) = 1/x 
e. f(x) = sin (1/x), g(x) = 1/x? 
f. f(x) = sechx, g(x) = e* 


21. True, or false? Give reasons for your answers. 


1 1 1 1 1 1 
ols bh G+ j=al5 
(3) x xt (2) 


s e) + |G = 
c. x = o(x + Inx) d. In(in x) = o(In x) 
e. tan!x = O(1) f. coshx = O(e*) 


x 
22. True, or false? Give reasons for your answers. 


1 1 1 1 1 1 
a £=o(L+4) p. b= (4 +4) 


d. In 2x = O(n x) 
f. sinh x = O(e*) 


ce. Inx = o(x + 1) 
e. sec lx = O(1) 


Theory and Applications 

23. The function f(x) = e* + x, being differentiable and one-to-one, 
has a differentiable inverse f~!(x). Find the value of df-'/dx at 
the point f(In 2). 

24. Find the inverse of the function f(x) = 1 + (1/x),x # 0. Then 
show that f-'(f(x)) = f(f-'@)) = x and that 


dft} 1 
a hie 


25. 


26. 


27. 


28. 


29. 


[T]30. 


A particle is traveling upward and to the right along the curve 
y = Inx. Its x-coordinate is increasing at the rate (dx/dt) = 
Vxm /sec. At what rate is the y-coordinate changing at the point 
(e?, 2)? 

A girl is sliding down a slide shaped like the curve y = 9e~/?. 
Her y-coordinate is changing at the rate dy/dt = (—1/4)V9 — y 
ft/sec. At approximately what rate is her x-coordinate changing 
when she reaches the bottom of the slide at x = 9 ft? (Take e* to 
be 20 and round your answer to the nearest ft / sec.) 


The functions f(x) = In 5x and g(x) = In 3x differ by a constant. 
What constant? Give reasons for your answer. 


a. If (In x)/x = (In 2)/2, must x = 2? 
b. If (nx)/x = —21n 2, must x = 1/2? 
Give reasons for your answers. 


The quotient (log4x)/(log)x) has a constant value. What value? 
Give reasons for your answer. 

log, (2) vs. log, (x) How does f(x) = log,(2) compare with 
g(x) = log, (x)? Here is one way to find out. 


a. Use the equation log,b = (In b)/(In a) to express f(x) and 
g(x) in terms of natural logarithms. 


b. Graph f and g together. Comment on the behavior of f in 
relation to the signs and values of g. 


In Exercises 31—34, solve the differential equation. 


31 


33. 


_ 3y@ + 1? 
es 


Vy cos? Vy 32. y’ 


ay _ 
dx 


yy’ = sec y*sec*x 34. ycos*x dy + sinx dx = 0 


In Exercises 35-38, solve the initial value problem. 


35. 


36. 


37. 


38. 


39. 


40. 


a 
aoe y-2, (0) = -2 
dy ylny 
dx [+ x7? MO) =e 


xdy —(y+ Vy)dx=0, yD =1 


dx e 
dy eX +1? 


y? y(0) = 1 
What is the age of a sample of charcoal in which 90% of the 
carbon-14 originally present has decayed? 


Cooling a pie A deep-dish apple pie, whose internal tempera- 
ture was 220°F when removed from the oven, was set out on a 
breezy 40°F porch to cool. Fifteen minutes later, the pie’s internal 
temperature was 180°F. How long did it take the pie to cool from 
there to 70°F? 


Ch 


1. 


2. 


apter v6 


Let A(t) be the area of the region in the first quadrant enclosed by 
the coordinate axes, the curve y = e™*, and the vertical line 
x = t,t > 0. Let V(t) be the volume of the solid generated by 
revolving the region about the x-axis. Find the following limits. 
a. lim A(f) b. lim V(t)/A() ce. lim V(t)/A() 

1-00 t—00 10+ 
Varying a logarithm’s base 


a. Find lim log, 2 as a—> 0*, 17, 1*, and ©, 


i 


b. Graph y = log,2 as a function of a over the interval 


3: 


4. 


5. 


O<as4. 
Graph f(x) = tan! x + tan7!(1/x) for —5 = x = 5. Then use 
calculus to explain what you see. How would you expect f to 
behave beyond the interval [—5,5]? Give reasons for your 
answer. 
Graph f(x) = (sin x)*"* over [ 0, 37 ]. Explain what you see. 
Even-odd decompositions 
a. Suppose that g is an even function of x and h is an odd func- 
tion of x. Show that if g(x) + A(x) = 0 for all x then 
g(x) = 0 for all x and h(x) = 0 for all x. 
b. Use the result in part (a) to show that if f(x) = 
fi(x) + fol) is the sum of an even function f(x) and an 
odd function f(x), then 


fe) = (FO) + f-x)/2 and fo(x) = (Ff) — f(-x))/2. 


6. 


c. What is the significance of the result in part (b)? 

Let g be a function that is differentiable throughout an open inter- 

val containing the origin. Suppose g has the following properties: 
g(x) + gy) 


1 — gg) 
x + y in the domain of g. 


i. gaat y= for all real numbers x, y, and 


7. 


10. 
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Additional and Advanced Exercises 


a. Show that 9(0) = 0. 
b. Show that g’(x) = 1 + [ g(x) ]*. 
c. Find g(x) by solving the differential equation in part (b). 


Center of mass_ Find the center of mass of a thin plate of con- 
stant density covering the region in the first and fourth quadrants 
enclosed by the curves y = 1/(1 + x?) and y = —1/(1 + x?) 
and by the lines x = 0 and x = 1. 


. Solid of revolution The region between the curve y = 1/ ( 2Vx ) 


and the x-axis from x = 1/4 to x = 4 is revolved about the x-axis 
to generate a solid. 


a. Find the volume of the solid. 
b. Find the centroid of the region. 


. The Rule of 70 If you use the approximation In2 ~ 0.70 


(in place of 0.69314 ...), you can derive a rule of thumb that 
says, “To estimate how many years it will take an amount of 
money to double when invested at r percent compounded continu- 
ously, divide r into 70.” For instance, an amount of money invested 
at 5% will double in about 70/5 = 14 years. If you want it to 
double in 10 years instead, you have to invest it at 70/10 = 7%. 
Show how the Rule of 70 is derived. (A similar “Rule of 72” uses 
72 instead of 70, because 72 has more integer factors.) 


Urban gardening A vegetable garden 50 ft wide is to be grown 
between two buildings, which are 500 ft apart along an east-west 
line. If the buildings are 200 ft and 350 ft tall, where should the 
garden be placed in order to receive the maximum number of hours 
of sunlight exposure? (Hint: Determine the value of x in the accom- 
panying figure that maximizes sunlight exposure for the garden.) 


350 ft tall 


200 ft tall 


East 


West 


Techniques of 
Integration 


OVERVIEW The Fundamental Theorem tells us how to evaluate a definite integral once 
we have an antiderivative for the integrand function. However, finding antiderivatives (or 
indefinite integrals) is not as straightforward as finding derivatives. We need to develop 
some techniques to help us. Nevertheless, we note that it is not always possible to find an 
antiderivative expressed in terms of elementary functions. 

In this chapter we study a number of important techniques which apply to finding 
integrals for specialized classes of functions such as trigonometric functions, products of 
certain functions, and rational functions. Since we cannot always find an antiderivative, 
we also develop some numerical methods for calculating definite integrals. Finally, we 
extend the idea of the definite integral to improper integrals, and we apply them to finding 
probabilities. 


8. 1 Using Basic Integration Formulas 


456 


Table 8.1 summarizes the forms of indefinite integrals for many of the functions we have 
studied so far, and the substitution method helps us use the table to evaluate more compli- 
cated functions involving these basic ones. In this section we combine the Substitution 
Rules (studied in Chapter 5) with algebraic methods and trigonometric identities to help us 
use Table 8.1. A more extensive Table of Integrals is given at the back of the book, and we 
discuss its use in Section 8.6. 

Sometimes we have to rewrite an integral to match it to a standard form in Table 8.1. 
We have used this procedure before, but here is another example. 


EXAMPLE 1 Evaluate the integral 
2x3 
3 Vx - 3x41 


Solution We rewrite the integral and apply the Substitution Rule for Definite Integrals 
presented in Section 5.6, to find 


11 
2x = 3 du u = x7 — 3x + 1, du = Qx — 3) dx; 


dx = 
3 Vx —- 3x41 1 Vu u = 1 when x = 3, u = 11 when x = 5 


ul 
= | u—!/? du 
1 


“> 


= 2( Vil - 1) = 4.63. Table 8.1, Formula 2 |_| 
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TABLE 8.1 Basic integration formulas 


1, ic dx =kx+C (any number k) 12. [ranvax = In |secx| + C 

2 [re = — eC @e=1) 13. [eovxax = In |sinx| + C 

3 ax — Wn |x| -¢ 14. [scoxde = i secx + tanx| + C 

4. feanere 15. esexde =—In ese + cots +C 

5. foa= +e (a>0,a#1) 16. [sisnxde = cosnx + € 

6. [sinxar = -cosx + € 17. [eosnxae=sinnx + € 

7. [eosxds = sinx + C » woe ~ sin) nae 

8. [scorns =tanx + C ” i= 7 Lan (3) 7 

9, [eset a =-cotx + C a € — a asec"! a we 

7 2, ls = si-*() +C (@>0) 

10. [sccxtans dx = secx + C m+ xe a 
11. [ese xeotxas =-cscex + C a2 i ~ cosh-() ae eae’) 


EXAMPLE 2 Complete the square to evaluate 


/ dx 
V8x — x2 


Solution We complete the square to simplify the denominator: 


8x — x7 = —(x? — 8x) = —(x? — 8x + 16 — 16) 
= —(x? — 8x + 16) + 16 = 16 — (x — 4). 


Then 


/ dx _ / dx 
V8x — x2 V16 — (x — 4° 


_ du a=4,u=(x — 4), 
Ve — we du = dx 

ee es | u 

= sin a + C Table 8.1, Formula 18 


sin-1(24) +C. 
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x =3 
3x + 2)3x* — 7x 


3x? + 2x 

=9x 
=9% ="6 
+6 


EXAMPLE 3 Evaluate the integral 


[cos x sin 2x + sin x cos 2x) dx. 


Solution Here we can replace the integrand with an equivalent trigonometric expression 
using the Sine Addition Formula to obtain a simple substitution: 


[cos x sin 2x + sin x cos 2x) dx = [oi (x + 2x)) dx 


= [om 3x dx 


[sna u = 3x, du = 3 dx 


1 
— 3 cos 3x + C. Table 8.1, Formula6 i 


In Section 5.5 we found the indefinite integral of the secant function by multiplying it 
by a fractional form identically equal to one, and then integrating the equivalent result. We 
can use that same procedure in other instances as well, which we illustrate next. 


7/4 
EXAMPLE 4. Find | dk 
0 


1 — sinx’ 


Solution We multiply the numerator and denominator of the integrand by 1 + sin x, 


which is simply a multiplication by a form of the number one. This procedure transforms 
the integral into one we can evaluate: 


7/4 1/4 . 
dx 1 1 + sinx 
= — dx 
7 1 — sinx ‘ 1 —sinx 1+ sinx 
+ sin x 
= > ax 
9 Ii sin’x 
7/4 : 
-| 1 + sinx 
5 dx 
0 cos" x 


7/4 
= i) (sec? x + sec x tan x) dx 
0 


Use Table 8.1, 
Formulas 8 and 10 


7/4 


=| tan + see =(1+V2-@+)D)=Vv2  & 


0 


EXAMPLE 5 Evaluate 
3x2 — Tx 
/ 3x + 2 dx. 


Solution The integrand is an improper fraction since the degree of the numerator is 
greater than the degree of the denominator. To integrate it, we perform long division to 
obtain a quotient plus a remainder that is a proper fraction: 


3x2 — Tx 6 


ag Oe 
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Therefore, 


3x7 — Tx, 6 _ x 
[pee IG 3+ Ss )ac 5 3x + 2In|j3x+2/+C. 


Reducing an improper fraction by long division (Example 5) does not always lead to 
an expression we can integrate directly. We see what to do about that in Section 8.5. 


EXAMPLE 6 Evaluate 


3x + 2 
V1 — x 


Solution We first separate the integrand to get 


dx. 


3x42 = 3 x dx +2f dx 
V1— x V1 — x? V1 — x2 


In the first of these new integrals, we substitute 


u=1-— x’, du = —2x dx, Ne) xdx = -} du. 


Then we obtain 


cy ees = 3 [FOR W 3 facia 
V1 — x? Vu 2 
1/2 
1 oye ec, 


2 1/2 


The second of the new integrals is a standard form, 


i) Gs = 2sin-'x + C>. Table 8.1, Formula 18 
= 


Combining these results and renaming C, + C, as C gives 


Bx 2 DB) eae 
dy = -3V1 - 2? + 2sin x + C. Oo 
V1 — x? 


The question of what to substitute for in an integrand is not always quite so clear. 
Sometimes we simply proceed by trial-and-error, and if nothing works out, we then try 
another method altogether. The next several sections of the text present some of these new 
methods, but substitution works in the next example. 


EXAMPLE 7 Evaluate 


las 


Solution We might try substituting for the term Vx, but we quickly realize the deriva- 
tive factor 1/ Vx is missing from the integrand, so this substitution will not help. The 
other possibility is to substitute for ( 1+ Vx), and it turns out this works: 

[ ae pe — 1) du u=1+ Vx, du= nat 


Le Vay u dx = 2Vx du = 2(u — 1) du 
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ee et ee 
Uu u 

Anas 
u 


1 — 2(1 + Vx) 
(1+ Vx? 
ape LDV i 


(1 + Vx)? 


+-C 


When evaluating definite integrals, a property of the integrand may help us in calcu- 
lating the result. 


r/2 
EXAMPLE 8 Evaluate / x? cos x dx. 


—1/2 


Solution No substitution or algebraic manipulation is clearly helpful here. But we 
observe that the interval of integration is the symmetric interval [—7a/2, 7/2]. Moreover, 
the factor x? is an odd function, and cos x is an even function, so their product is odd. 
Therefore, 


r/2 
/ x cos x dx = 0. Theorem 8, Section 5.6 i 
—1/2 


Exercises 8.1 | 


Assorted Integrations 


The integrals in Exercises 1—40 are in no particular order. Evaluate 17. 


each integral using any algebraic method or trigonometric identity 
you think is appropriate, and then use a substitution to reduce it to a 


, dt 
standard form. |e axe sec 0 . tan 0 on i V3.4 2 


In — Iny | ave dy 
18. 
y + 4y ln? 5° 2Vy 


1 ; 
16x x? Bat) \/y — 
1, [ese 2. ene nn. [4 se eA 22, peta 
0 tt+4 AxVx—- 1 
ue dx 
3. [oes — tan x)° dx 4. I, eos? «tan x 23. V1 — cos 6 dé 24. [oct + cot ft) dt 
a 0 
6) 6 a = | So 26. 
; 1 =x? Jax Vx , 2y “IT WG 
ey —1 yd + y) 
“—cot Ing 
7. iB 7 az 8. [ie 27, 2dr 2s. | dx 
ae . xV1 — 4In? x (x — 2)Vx? — 4x + 3 
9 dz 10 : 8 dx 
. ge ohpes : 1x2 — 2x +2 29. [osx — sec x)(sin x + cos x) dx 
0 3 
4d 4x2 — 7 
11. / ace 12. i rer a 30. iE sinh (8 + In 5) dx 
a -1 
3 a 1 
13. dt 14. / cscrsin 3rdt 31. fi = dx 32. ¥ V1 + x? sin x dx 
1 = sect vax — 1 =f 


1/4 : 0 Ls 
1 + siné dé y aoe 
15. ——— do 16. | = RR / ,{/—— 34, few d 
[ cos? @ la —P 4 Vi=y 


8.2 Integration by Parts 


/ 7 dx se dx Evaluate 
= 2 = 7 + + 2 ; 
(x — 1)Vx? — 2x — 48 (2x + 1)V4x + 4x i (1 + 320% de. 
"993 — 792 
Ce ee ee ee a 
26-5 cos @ — 1 48. Use the substitution uv = tan x to evaluate the integral 
dx Vx i dx 
ae; fF +e 40. I+ at 1 + sin? x’ 
ids as sade = 3/2 

Hint: Use long division. Hint: Let u = x*)?. 49. Use the substitution u = x+ + | to evaluate the integral 
Theory and Examples 
41. Area Find the area of the region bounded above by y = 2 cos x / VS + Vide, 

and below by y = secx, -7/4 Sx S 7/4. 
42. Volume Find the volume of the solid generated by revolving SUS ISIE ee RCnE Speen OnE Show Wat Dieser al 

the region in Exercise 41 about the x-axis. / (2 — Dia + Dy? ay 
43. Arc length Find the length of the curve y = In (cos x), 

O=x= 7/3. can be evaluated with any of the following substitutions. 
44. Arc length Find the length of the curve y = In (sec x), a. u = 1/(xe + 1) 

0O=x= 7/4. 

fam b. wu = (x — 1L)/@ + 1) for k = 1, 1/2, 1/3, -1/3, -2/3, 

45. Centroid Find the centroid of the region bounded by the x-axis, andi 

the curve y = sec x, and the lines x = —7/4, x = 7/4. ge upeatgeaie ae ern 
46. Centroid Find the centroid of the region bounded by the x-axis, 7 4 _y/2 f = = 

the curve y = csc x, and the lines x = 77/6, x = 57/6. Seo = ie eee 

g. u = cosh! x 


47. The functions y = e* and y = xe" do not have elementary anti- 
derivatives, but y = (1 + 3x3)e" does. 


8.2 Integration by Parts 


What is the value of the integral? 


Integration by parts is a technique for simplifying integrals of the form 


/ FOdg@) dx. 


It is useful when f can be differentiated repeatedly and g can be integrated repeatedly 
without difficulty. The integrals 


/ x cos x dx and i x2e* dx 


are such integrals because f(x) = x or f(x) = x* can be differentiated repeatedly to 


become zero, and g(x) = cos x or g(x) = e* can be integrated repeatedly without diffi- 
culty. Integration by parts also applies to integrals like 


/ In x dx and Je cos x dx. 


In the first case, f(x) = In x is easy to differentiate and g(x) = 1 easily integrates to x. In 
the second case, each part of the integrand appears again after repeated differentiation or 
integration. 


Product Rule in Integral Form 


If f and g are differentiable functions of x, the Product Rule says that 


d [fog] = f'@)g@) + f@g'Q). 
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In terms of indefinite integrals, this equation becomes 


[Flt] ax= [ (rere + fee] 


or 


/ ff (x)g(x) | dx = : f'@g@) dx + / Fg") dx. 


Rearranging the terms of this last equation, we get 


Jreowear= [Etre] a ~ | rergcoae 


leading to the integration by parts formula 


y fg’ (x)dx = f@)g@) — / Ff’ @)g@) dx (1) 


Sometimes it is easier to remember the formula if we write it in differential form. Let 
u = f(x) and v = g(x). Then du = f'(x)dx and dv = g'(x)dx. Using the Substitution 
Rule, the integration by parts formula becomes 


Integration by Parts Formula 


[ute = uv — [ve (2) 


This formula expresses one integral, 7 u dv, in terms of a second integral, [ vdu. 
With a proper choice of u and v, the second integral may be easier to evaluate than the 
first. In using the formula, various choices may be available for u and dv. The next exam- 
ples illustrate the technique. To avoid mistakes, we always list our choices for u and du, 
then we add to the list our calculated new terms du and v, and finally we apply the formula 
in Equation (2). 


EXAMPLE 1 Find 


p cos x dx. 


Solution We use the formula fu dv = uv — fu du with 


u =X, du = cos x dx, 
du = dx, v = sin x. Simplest antiderivative of cos x 
Then 
[rcosxd = xsinx~ [ sinxde = xsinx + cosx + C o 


There are four apparent choices available for wu and dv in Example 1: 


1. Let wu = 1 and dv = xcosx dx. 2. Let u = x and dv = cos x dx. 


3. Let u = x cos x and dv = dx. 4. Let u = cos x and dv = x dx. 
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Choice 2 was used in Example 1. The other three choices lead to integrals we don’t know how 
to integrate. For instance, Choice 3, with du = (cos x — x sin x) dx, leads to the integral 


Jo cos x — x? sin x) dx. 


The goal of integration by parts is to go from an integral [ u dv that we don’t see how 
to evaluate to an integral / v du that we can evaluate. Generally, you choose dv first to be 
as much of the integrand, including dx, as you can readily integrate; u is the leftover part. 
When finding v from du, any antiderivative will work and we usually pick the simplest 
one; no arbitrary constant of integration is needed in v because it would simply cancel out 
of the right-hand side of Equation (2). 


EXAMPLE 2 ‘Find 


ic x dx. 


Solution Since [ Inxdx can be written as a Inx:ldx, we use the formula 


fudv= uv — Jv du with 


u=Inx Simplifies when differentiated dv = dx Easy to integrate 
= - aye 
du = x dx, v=X. Simplest antiderivative 
Then from Equation (2), 


prxdr= sins [tae xinx penins x EC, | 


Sometimes we have to use integration by parts more than once. 


/ xe" dx. 


Solution With uw = x7, dv = e* dx, du = 2x dx, and v = e*, we have 


[ve dx = xe — 2f xe’ dx. 


The new integral is less complicated than the original because the exponent on x is reduced 
by one. To evaluate the integral on the right, we integrate by parts again with 
u = x, dv = e* dx. Then du = dx, v = e*, and 


pou = xe* — pea =xeve-—e+C. 


Using this last evaluation, we then obtain 


/ x2e dx = x*e* — 2 l xe* dx 


= xe" — Qxe* + 2e° + C, 


EXAMPLE 3 Evaluate 


where the constant of integration is renamed after substituting for the integral on the right. 
| 


The technique of Example 3 works for any integral [ x"e* dx in which n is a positive 
integer, because differentiating x” will eventually lead to zero and integrating e* is easy. 

Integrals like the one in the next example occur in electrical engineering. Their evalu- 
ation requires two integrations by parts, followed by solving for the unknown integral. 
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EXAMPLE 4 Evaluate 


Je cos x dx. 


Solution Let uw = e* and dv = cos x dx. Then du = e* dx, v = sin x, and 


[etcosxax = e*sinx — [ersinxac. 


The second integral is like the first except that it has sin x in place of cos x. To evaluate it, 
we use integration by parts with 


u= ée, dv = sin x dx, v = —COS Xx, du = e* dx. 


fe cos x dx = e*sinx — (-e cos x — [cos x)(e* ax)) 


e*sinx + e*cosx — [ercosae. 


Then 


The unknown integral now appears on both sides of the equation. Adding the integral to 
both sides and adding the constant of integration give 


2 fe cos xd = e*sinx + e*cosx + Cj. 


Dividing by 2 and renaming the constant of integration give 


m 7 3 + 
[evcosxax = £ ue eCOSk 4 oO | 


2 


EXAMPLE 5 Obtain a formula that expresses the integral 


Joos x dx 


in terms of an integral of a lower power of cos x. 

Solution We may think of cos” x as cos’! x + cos x. Then we let 
u = cos" !x and dv = cos x dx, 

so that 


n—-2 


du = (n — 1) cos“ x (—sin x dx) and v = sinx. 


Integration by parts then gives 


[eos xa = cos’! x sinx + (n — 1 f sin?xeow dx 
= cos’! x sinx + (n — pfa — cos? x) cos”? x dx 


= cos’! xsinx + (n — 1 f cose xa —(n- 1 f cost xa. 


(n — 1 [cos x dx 


If we add 


FIGURE 8.1 The region in Example 6. 
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to both sides of this equation, we obtain 
nf costxds = cos’! xsinx + (n -— 1 [ cos? x dr 
We then divide through by a, and the final result is 


—] . 
cos" ‘xsinx ,n—-1 = 
- cos’ x dx = + cos’? x dx. | 


n n 


The formula found in Example 5 is called a reduction formula because it replaces an inte- 
gral containing some power of a function with an integral of the same form having the 
power reduced. When 7 is a positive integer, we may apply the formula repeatedly until the 
remaining integral is easy to evaluate. For example, the result in Example 5 tells us that 


es a 
[eos vax = OS ee + 3 cosxds 


= Deo eine + ne +C. 


3 3 


Evaluating Definite Integrals by Parts 


The integration by parts formula in Equation (1) can be combined with Part 2 of the Fun- 
damental Theorem in order to evaluate definite integrals by parts. Assuming that both f’ 
and g’ are continuous over the interval [ a, b], Part 2 of the Fundamental Theorem gives 


Integration by Parts Formula for Definite Integrals 


b b b 
f@)g'(@) dx = feed | — ‘) fF’ gx) dx (3) 


EXAMPLE 6 Find the area of the region bounded by the curve y = xe~™ and the 
x-axis from x = 0 tox = 4. 


Solution The region is shaded in Figure 8.1. Its area is 


4 
| xe * dx. 
0 


Let u = x, dv = e* dx, v = —e™, and du = dx. Then, 


4 4 
fi xe *dx = xe*]9 | (-e*) dx 
0 0 


= —4e4* —- (e4 —- 6% =1 - 5e4 = 0.91. [zal 


Tabular Integration Can Simplify Repeated Integrations 


We have seen that integrals of the form i f(x)g(x) dx, in which f can be differentiated repeat- 
edly to become zero and g can be integrated repeatedly without difficulty, are natural candi- 
dates for integration by parts. However, if many repetitions are required, the notation and calcu- 
lations can be cumbersome; or, you choose substitutions for a repeated integration by parts that 
just ends up giving back the original integral you were trying to find. In situations like these, 
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there is a nice way to organize the calculations that prevents these pitfalls and simplifies the 
work. It is called tabular integration and is illustrated in the next examples. 


/ x2e* dx. 


Solution With f(x) = x? and g(x) = e*, we list: 


EXAMPLE 7 Evaluate 


f(x) and its derivatives g(x) and its integrals 
ae (+) e 
2x (-) > eX 
2 (+) > & 
0 7 ee 


We combine the products of the functions connected by the arrows according to the opera- 
tion signs above the arrows to obtain 


[ree = xe" — 2xe* + 2e° + C. 
Compare this with the result in Example 3. a 
EXAMPLE 8 Find the integral 


z/ f(%) cos nx dx 
for f(x) = 1 on [—7, 0) and f(x) = x° on [0, 7], where 7 is a positive integer. 


Solution The integral is 


7 0) ag 
a f(x) cos nx dx = oh cos nx dx + a x? cos nx dx 
a P 


=a 


0 T 
= tI 1 + i Si d 
= nit sim nx Tr X” COS NX aX 
-—7 0 


vid 
1 3 
= ; x? cos nx dx. 


Using tabular integration to find an antiderivative, we have 


f(x) and its derivatives g(x) and its integrals 
x3 (+) cos nx 
3x7 (-) — u sin nx 

io en ; 
6x (+) ——> cos nx 
we 
6 Se —- sin nx 
Fe 
1 
0) — 
i COS NX 
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3|- 


T 
| x? cos nxdx 
0 
3 3 


_Ilx. 3x 6x. 6 
= 7| 7 Sin nx + 7 COS NX sin nx cos nx 


n nw nt 


+ 
T ye nt rt 


1 (= cosnm — 6 cos nt ®) 


4 (mre + A-Drth + *) 
= . cos ni = (—1)" 


7 rt 
o 
Integrals like those in Example 8 occur frequently in electrical engineering. 
Exercises 8.2 | 
Integration by Parts a/3 
Evaluate the integrals in Exercises 1-24 using integration by parts. 27. | x tan? x dx 28. / In (x + x) dx 
0 
1. [osingac 2. [0 cos 0 ao 
29. / sin (In x) dx 30. i 2(In z)? dz 
3. fe cos t dt 4. fe sin x dx 
Evaluating Integrals 
e e , Evaluate the integrals in Exercises 31-52. Some integrals do not 
5. : x In xdx 6. ; «In xdx require integration by parts. 
2 cos Vx 
7. pe ay 8. pe rs 31. iE sec x* dx 32. Se dx 
1 
2 
9. pro dx 10. fo — 2x + 1)e* dx 38 p nay de at de (In x)? ae 
Inx (In x)? 
11. [om “ly dy 12. [or y dy a / 2 an / a 
Bx 5 0 
13. ph sec? x dx 14. Ja sec? 2x dx an p oe a8 ic eas 
. 3\/,2 + : Dig as 
15. [rea dé: [vere 39 ic Vx 1 dx 40 iE sin x? dx 
41. [oo 3x cos 2x dx 42. [om 2x cos 4x dx 
17. | (x? — 5x)e" dx 18. [ (r+ r+ De'dr 
Vx 
43. [vance 44, fe dx 
19. | xe dx 20. | ret dt Vx 
45. Jess Vx dx 46. [ve eV* dx 
21. | e’sin@ do 22. | e cosy dy 
a/2 a/2 
Oe 3 
23. fe cos 3x dx 24, fe sin 2x dx a i eee ay sai i a EON a 
2 1/V2 
Using Substitution 49, i tsec | tdt 50. | 2x sin”! (x?) dx 
Evaluate the integrals in Exercise 25-30 by using a substitution prior 2v3 . 
to integration by parts. 
. ae 51. p tan! x dx 52. fe tan! : dx 


1 
25. fowras 26. fui —x ad 
0 
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Theory and Examples 


53. Finding area Find the area of the region enclosed by the curve 


y = x sin x and the x-axis (see the accompanying figure) for 
a OS xT. 

b. w Sx S 27. 

« 27 =x = 30. 
d 


. What pattern do you see here? What is the area between the 
curve and the x-axis for na = x S (n + 1)z,n an arbitrary 
nonnegative integer? Give reasons for your answer. 


y 
A» 
10- y=xsinx 
5r 
0 2a 3a ie 
—5r 


54. Finding area Find the area of the region enclosed by the curve 


y = xcos x and the x-axis (see the accompanying figure) for 
a. 7/2 =x = 37/2. 
b. 37/2 = x = 57/2. 
ce. 57/2 Sx = 77/2. 
d 


. What pattern do you see? What is the area between the curve 
and the x-axis for 


2n— 1 2n+ 1 
(pian (p%) 


nan arbitrary positive integer? Give reasons for your answer. 


yrxcosx 


—10 


55. Finding volume Find the volume of the solid generated by 
revolving the region in the first quadrant bounded by the coordi- 
nate axes, the curve y = e’, and the line x = In 2 about the line 
x = In2, 

56. Finding volume Find the volume of the solid generated by 
revolving the region in the first quadrant bounded by the coordi- 
nate axes, the curve y = e™, and the line x = 1 
a. about the y-axis. 

b. about the line x = 1. 

57. Finding volume Find the volume of the solid generated by 
revolving the region in the first quadrant bounded by the coordi- 
nate axes and the curve y = cos x,0 = x = 7/2, about 
a. the y-axis. 


b. the line x = 7/2. 


58. Finding volume Find the volume of the solid generated by 
revolving the region bounded by the x-axis and the curve 
y = xsinx,0 = x S a, about 


a. the y-axis. 
b. the line x = z. 
(See Exercise 53 for a graph.) 


59. Consider the region bounded by the graphs of y = Inx, y = 0, 
and x = e. 


a. Find the area of the region. 


b. Find the volume of the solid formed by revolving this region 
about the x-axis. 


c. Find the volume of the solid formed by revolving this region 
about the line x = —2. 


d. Find the centroid of the region. 


60. Consider the region bounded by the graphs of y = tan”! x, y = 0, 
and x = 1. 


a. Find the area of the region. 


b. Find the volume of the solid formed by revolving this region 
about the y-axis. 


61. Average value A retarding force, symbolized by the dashpot in 
the accompanying figure, slows the motion of the weighted spring 
so that the mass’s position at time f is 


y = 2e ‘cost, t=0. 


Find the average value of y over the interval 0 = t = 27. 


y 
A 


JeSSS > Mass 


Dashpot 


62. Average value Ina mass-spring-dashpot system like the one in 
Exercise 61, the mass’s position at time ¢ is 


y = 4e“(sin t — cos A), 1=0. 
Find the average value of y over the interval 0 = t = 27. 
Reduction Formulas 


In Exercises 63-67, use integration by parts to establish the reduction 
formula. 


63. Je cos x dx = x" sinx — n fe sin x dx 


64. Je sinx dx = —x" cos x + n fa cos x dx 


xe n a 
65. [re dx =—- — gq) x" le“ dx, a #0 


66. / (In x)" dx = x(n x)" — n i (In x)""! dx 


m+ n 


m+l1- 


1 
i (In x) 


mn n — x 
67. iE (in x)" dx ak 


j x™ (In xy"! dx, m#-1 


68. Use Example 5 to show that 


a/2 1/2 
| sin” x dx = 7 cos” x dx 
0 0 


ll 


69. Show that 


b b b 
F (/ fo a) dx = / (x — a)f(x) dx. 


70. Use integration by parts to obtain the formula 


fq a? Ho ie / 5 4 1 
[vi x* dx x V1 sy yer aes 


Integrating Inverses of Functions 
Integration by parts leads to a rule for integrating inverses that usually 
gives good results: 


[rea = prow 


yf) — / Ff) dy 


y=flq@, x= fi) 
dx = f'(y)dy 


Integration by parts with 
u=y,dv = f'(y)dy 


ll 


ll 


a= [1 dy 


The idea is to take the most complicated part of the integral, in this 
case f '(x), and simplify it first. For the integral of In x, we get 


y=Inx, x =e 
Inxdx = | ye’ dy dx = edy 


=yl— + C 
eine = xb Cc. 


Il 
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For the integral of cos! x we get 


Joos lydx = xcos!x — Joos ydy y =cos!x 


1 


=xcos x —- siny+C 


1 


= xcos!x — sin (cos! x) + C. 


Use the formula 


[re i= af" a) = [1 dy 


to evaluate the integrals in Exercises 71-74. Express your answers in 


terms of x. 
72. / tan! x dx 


71; [sir xa 
73. [roctxa 74, [rosaxa 


Another way to integrate f—'(x) (when f7! is integrable, of 
course) is to use integration by parts with u = f '(x) and dv = dx to 
rewrite the integral of f—! as 


/ FG) de = xf) - : x (4 Fe) de. 6) 


Exercises 75 and 76 compare the results of using Equations (4) and (5). 


y=f'@ (4) 


75. Equations (4) and (5) give different formulas for the integral of 
cos! x: 


a. [eostxas =xcos!x— sin (cos'x) + C Eq. (4) 
b. [eostxde = xeostx - V1l-x+C Eq. (5) 


Can both integrations be correct? Explain. 


76. Equations (4) and (5) lead to different formulas for the integral of 
tan”! x: 


a. fo xdx = xtan! x — Insec (tan! x) + C Eq. (4) 


b. ic xdx=xtan!'x—-InVl+x2+C Eq. (5) 


Can both integrations be correct? Explain. 


Evaluate the integrals in Exercises 77 and 78 with (a) Eq. (4) and (b) 
Eq. (5). In each case, check your work by differentiating your answer 


with respect to x. 
77. } sinh ! x dx 78. / tanh”! x dx 


Trigonometric integrals involve algebraic combinations of the six basic trigonometric 
functions. In principle, we can always express such integrals in terms of sines and cosines, 
but it is often simpler to work with other functions, as in the integral 


seo? va =tanx + C. 
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The general idea is to use identities to transform the integrals we have to find into integrals 


that are easier to work with. 


Products of Powers of Sines and Cosines 


We begin with integrals of the form 


where m and n are nonnegative integers (positive or zero). We can divide the appropriate 


/ sin” x cos” x dx, 


substitution into three cases according to m and n being odd or even. 


Case 1 If m is odd, we write m as 2k + 1 and use the identity sin? x = 
1 — cos? x to obtain 


2k+1 


sin” x = sin%*! x = (sin? x)* sin x = (1 — cos? x)‘ sin x. (1) 


Then we combine the single sin x with dx in the integral and set sin x dx equal to 
—d(cos x). 


Case 2. If m is even and 7 is odd in 7 sin” x cos” x dx, we write n as 2k + 1 
and use the identity cos? x = 1 — sin? x to obtain 


2k+1 2 


cos" x = cos*t! x = (cos? x)‘ cos x = (1 — sin? x)* cos x. 


We then combine the single cos x with dx and set cos x dx equal to d(sin x). 


Case 3 If both m and n are even in [ sin” x cos” x dx, we substitute 


i L= - 2K ore 1+ oe 2x (2) 


to reduce the integrand to one in lower powers of cos 2x. 


Here are some examples illustrating each case. 


EXAMPLE 1 Evaluate 


/ sin? x cos? x dx. 


Solution This is an example of Case 1. 


[ow x cos? x dx = [ow x cos? x sin x dx m is odd. 
= ic 1 — cos? x)(cos? x)(—d (cos x)) sin x dx = —d(cos x) 
2 i (1 — w)(2)(—du) or 


a / (ut = uw) du Multiply terms. 


5 3 _ cosx cos? x 


5 3 5 3 


pe Oe 
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EXAMPLE 2 Evaluate 


i cos? x dx. 


Solution This is an example of Case 2, where m = 0 is even and n = 5 is odd. 


[eos rac = [cost xeosxdy = fo — sin? x)? d(sin x) cos x dx = d(sin x) 
- [a — wy) du u = sinx 
= fo — 2u* + u*)du Square 1 — w’. 


See eee = ee oe cs 2 es loses 
u 3 + su + C= sinx 3 Sin x + 5 six + C Oo 


EXAMPLE 3 Evaluate 


/ sin? x cos* x dx. 


Solution This is an example of Case 3. 


_ 2 
[oe x cos? x dx = ic a 2x) (4 = oa 2s) dx m and n both even 


7 /« — cos 2x)(1 + 2 cos 2x + cos? 2x) dx 


= /[ + cos 2x — cos? 2x — cos? 2x) dx 


= ‘ c + sin 2x [oo 2x + cos? 2x) dx 


For the term involving cos? 2x, we use 


[oo 2x dx = sfa + cos 4x) dx 


= 1 es 1 and Omitting the constant of 
2: ee 4 eh integration until the final result 
For the cos? 2x term, we have 
cos? 2x dx = | (1 — sin? 2x) cos 2x dx alge 
du = 2 cos 2x dx 


= sf uw) du = 5 (sin 2x — ; sin? 2), Again omitting C 


Combining everything and simplifying, we get 


. 1 I. 1 . 
2 4 = i pe 
[oo x cos" x dx 16 (: q sin 4x + 3 sin 2) + C. 
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Eliminating Square Roots 


In the next example, we use the identity cos” @ = (1 + cos 2)/2 to eliminate a square root. 


EXAMPLE 4 Evaluate 
a/4 
| V1 + cos 4x dx. 
0 


Solution To eliminate the square root, we use the identity 


1 + cos 20 


5 or 1 + cos 20 = 2 cos’ 6. 


cos? 9 = 


With 0 = 2x, this becomes 
1 + cos 4x = 2 cos? 2x. 


Therefore, 


7/4 7/4 a/4 
/ V1 Feostidr = [ Viera ax = | V2V cos? 2x dx 
0 0 0 


a/4 a/4 _ 
= val |cos 2x| dx = va cos 2x dx To, a vee 
0 4 F 


_ vo] ze] 7 = (1-0) = V2 is 


0 


Integrals of Powers of tan x and sec x 


We know how to integrate the tangent and secant and their squares. To integrate higher 
powers, we use the identities tan? x = sec? x — | and sec? x = tan? x + 1, and integrate 
by parts when necessary to reduce the higher powers to lower powers. 


ji tan* x dx. 


EXAMPLE 5 Evaluate 


Solution 


tan? x+ tan? x dx = | tan? x+ (sec? x — 1) dx 


[rire = i 
= ts? xseet xd — 


eee 


tan? x dx 


(sec? x — 1) dx 


sec? x dx + fa 


u = tanx, du = sec” x dx 


tan? x sec? x dx — 


tan? x sec? x dx — 


Rie ee Sea 


In the first integral, we let 


and have 
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The remaining integrals are standard forms, so 


3 


[so x dx. 


Solution We integrate by parts using 


rostxde= juan x unex 6 | 


EXAMPLE 6 Evaluate 


u = sec x, dv = sec? x dx, v = tan x, du = sec x tan x dx. 


Then 
[oe x dx = sec x tan x — [oes x)(sec x tan x dx) 


sec x tan x — [ies — 1) secxdx tan?.x = sec?x — 1 


= seertanx + f secxax ~ f see! xd. 


Combining the two secant-cubed integrals gives 


2 f seo x = secxtanx + [scoxde 


and 
sect vax = 3 see rtanx + 51m see + tanx| + C. a 
EXAMPLE 7 Evaluate 
i tan* x sec* x dx. 
Solution 
J (cn x)(sec* x) dx = [ (an! x)(1 + tan? x)(sec? x) dx sec?x = 1 + tan? x 


= [tants + tan® x)(sec? x) dx 


s : (an 5) (e002 2) de & / (ited: 


5 7 
7 7 6 _w ue u = tan x; 
= futaus fribdu= +9 +c du = sec? x dx 
tan>x , tan’ x 
= + 
5 goon . 


Products of Sines and Cosines 


The integrals 
/ sin mx sin nx dx, / sin mx cos nx dx, and / cos mx cos nx dx 


arise in many applications involving periodic functions. We can evaluate these integrals 
through integration by parts, but two such integrations are required in each case. It is sim- 
pler to use the identities 


sin mx sin nx [cos (m — n)x — cos(m + n)x], (3) 


sin mx cos nx = 5 [ sin(m — n)x + sin (m + nx], (4) 


NI NI NI 


cos mx COs nx [cos (m — n)x + cos (m + n)x]. (5) 
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These identities come from the angle sum formulas for the sine and cosine functions 
(Section 1.3). They give functions whose antiderivatives are easily found. 


EXAMPLE 8 Evaluate 


[oo 3x cos 5x dx. 


Solution From Equation (4) with m = 3 and n = 5, we get 
[om 3x cos 5x dx = 5 tsim-2 + sin 8x] dx 


= 5 | (sin 8x — sin 2x) dx 


_ _cos8x , cos 2x 
16 +7 aC. a 


Exercises 


Powers of Sines and Cosines a/2 2 
2 / 


c 7/6 
sin? x : 
—————— dx 28. | V1 + sin x dx 
/3 V1 — cosx 0 


3 sin ~dx : 
3 ss ; /1 — sin x 
(vin Multiply by ee sn) 


Evaluate the integrals in Exercises 1-22. 


1. re cos 2x dx 2. 


3 


3. | cos? x sin x dx 4. | sin* 2x cos 2x dx = ; 30/4 
29. / i= dx 30. V1 — sin 2x dx 
5. | sin’ x dx 6. | cos? 4x dx amy oe me 
m/2 7 

eg 31. i AV 1 — cos 26 dé 32. / (1 — cos? 1)3/? dt 
7. | sim x dx 8. sin 7 dx 0 —a 

ape Powers of Tangents and Secants 
9, | cos? x dx 10. 3 cos? 3x dx 


Evaluate the integrals in Exercises 33-50. 


Se ey Oe ee 


11. [om x cos? x dx 12. | cos? 2x sind 2x dx 33. Joe x tan x dx 34, [se x tan? x dx 
a/2 3 ‘ . 
13. [eos ae 14. eee 35. [se x tan x dx 36. [se x tan? x dx 
m/2 ‘ ‘ j : 
15. | sin’ y dy 16. | 7cos’ tdt 37. [se x tan’ x dx 38. [se x tan” x dx 
; 0 
17. i 8 sin* x dx 18. | 8 cos* 2ax dx 39. / 2 sec? x dx 40. Je sec? e* dx 
: —1/3 
0 
19. Jos sin x cos? x dx 20. 8 sin* y cos? y dy 41. [svc 6 d6 42. p sect 3x dx 
a/2 m/2 
21. Js cos? 26 sin 26 dé 22. sin? 20 cos* 20 dé 43. [ csc* 6 dé 44, se’ x dx 
7/4 
a/4 
Integrating Square Roots 45. / 4 tan? x dx 46. / 6 tan* x dx 
Evaluate the integrals in Exercises 23-32. ~a/4 
27 7 
23. | (2 dx 24. : V1 — cos 2x dx 47. / tan? x dx 48. i) cot® 2x dx 
9 0 
7 7 1/3 
25. | V1 — sin? t dt 26. i) V1 — cos? 6 dé 49, / cot? x dx 50. Js cot! t dt 
0 0 7/6 
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Products of Sines and Cosines * ane ye CORR 

: : : is d 66. dx 
Evaluate the integrals in Exercises 51-56. 65 / csc x i; cos? x 
51. [oo 3x cos 2x dx 52. [om 2x cos 3x dx 67. p so ci 68. iE ee 

7 a/2 
53. / sin 3x sin 3x dx 54, | sin x cos x dx 
7 0 Applications 
m/2 69. Arclength Find the length of the curve 
55. | cos 3x cos 4x dx 56. cos x cos 7x dx 
4/2 y=In(secx), OS x5 7/4. 

Exercises 57-62 require the use of various trigonometric identities 
before you evaluate the integrals. 70. Center of gravity Find the center of gravity of the region 


bounded by the x-axis, the curve y = sec x, and the lines x = 
57. | sin? 6 cos 36 do 58. [oo 26 sin 0 dé —a/4,x = 7/4. 


71. Volume Find the volume generated by revolving one arch of 


59, Fi cos’ @ sin 20 dO 60. / sin} @ cos 20 dd SUEY. Se GPM IE Ae, 
72. Area Find the area between the x-axis and the curve y = 


Vl+cos4x,05 x57. 


73. Centroid Find the centroid of the region bounded by the graphs 
of y= x + cosxandy = Ofor0 = x = 27. 


61 sin 0 cos 6 cos 30 d@ 62. [om 6 sin 20 sin 30 d6 


Assorted Integrations 


Use any method to evaluate the integrals in Exercises 63-68. 74. Volume Find the volume of the solid formed by revolving the 


: Bs region bounded by the graphs of y = sin x + sec x,y = 0,x = 0, 
sec? x sin? x wes b ene 
63. / tans & 64. | —z—dx and x = 7/3 about the x-axis. 


COS" x 


8.4 Trigonometric Substitutions 


Trigonometric substitutions occur when we replace the variable of integration by a trigo- 
nometric function. The most common substitutions are x = atan6,x = asin 6, and 
x = asec 6. These substitutions are effective in transforming integrals involving 
Va + x, Va? — x*, and Vx? — a? into integrals we can evaluate directly since they 
come from the reference right triangles in Figure 8.2. 


e+e x y x y V2 = a 
ra AZ PA 


Var — x 
x =atand x=asin6é x =asecO 


Va? + x? = alsec 0| Va? — x? = alcos 0| Vx? — a* = altan 0| 


FIGURE 8.2 Reference triangles for the three basic substitutions 
identifying the sides labeled x and a for each substitution. 


With x = a tan 8, 


aet+xr=a + a tan 6 = a(1 + tan? 6) = a’ sec’ 0. 


With x = asin 0, 


a-x =a — asin? 6 = a1 — sin’ 6) = a’ cos 0. 
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=1 01 


FIGURE 8.3 The arctangent, arcsine, 
and arcsecant of x/a, graphed as functions 
of x/a. 


With x = asec 0, 


x — a = a’ sec? 6 — a = a*(sec? @ — 1) = a’ tan’ 0. 

We want any substitution we use in an integration to be reversible so that we can 
change back to the original variable afterward. For example, if x = a tan 0, we want to be 
able to set 9 = tan”! (x/a) after the integration takes place. If x = a sin 0, we want to be 
able to set 9 = sin! (x/a) when we’re done, and similarly for x = a sec 0. 

As we know from Section 1.6, the functions in these substitutions have inverses only 
for selected values of 6 (Figure 8.3). For reversibility, 


: 1 [x ; 7 7 
x = atan@ requires a= wn (%) with —_ Ss O<>5, 


& 
| 


: : ee es . 7 T 
=asin@ requires = sin (2) with “eS 5: 


Qs 
V 
= 


: es Xx : 
x =asec@ requires 6 = sec! () with 


Qs 
IA 


Teo<m if = 


2 


To simplify calculations with the substitution x = a sec 6, we will restrict its use to 
integrals in which x/a = 1. This will place 6 in [0, 7/2) and make tan 0 = 0. We will 
then have Vx? — a2 = Va? tan? 6 = |a tan 6| = atan 6, free of absolute values, pro- 
vided a > 0. 


Procedure for a Trigonometric Substitution 

1. Write down the substitution for x, calculate the differential dx, and specify 
the selected values of 6 for the substitution. 

2. Substitute the trigonometric expression and the calculated differential into 
the integrand, and then simplify the results algebraically. 

3. Integrate the trigonometric integral, keeping in mind the restrictions on the 
angle 6 for reversibility. 

4. Draw an appropriate reference triangle to reverse the substitution in the inte- 
gration result and convert it back to the original variable x. 


EXAMPLE 1 Evaluate 


/ dx 
V4+ x 
Solution We set 


x = 2tan 0, dx = 2 sec? 0 do, eee 


4+x°=4+ 4tan? 6 = 4(1 + tan’? 6) = 4 sec? 0. 
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Then 


dx 2 sec” 6 dO sec” 0 dé 
= = Vsec? 6 = |sec 6| 
/ V4 + x? 7 V4 sec? 0 |sec 0| 
FIGURE 8.4 _ Reference triangle for _ [se 6 do 


secd > Ofor-2 <9 <= 


x = 2 tan @ (Example 1): 2 2 
tan@ =~ 
an nd = In |sec@ + tano| + C 
and 
VW4+ 2 
4+ x2 =n - us +5 +. C, From Fig. 8.4 
sec 9 = — —. 


Notice how we expressed In| sec 6 + tan 6| in terms of x: We drew a reference triangle for 
the original substitution x = 2 tan @ (Figure 8.4) and read the ratios from the triangle. I 


EXAMPLE 2 Here we find an expression for the inverse hyperbolic sine function in 
terms of the natural logarithm. Following the same procedure as in Example 1, we find 
that 


d. 
iS = [se 0d0 x = atan6, dx = asec? 6d 
Var =F ax 


= In| sec 6 + tan6| + C 


+ C Fig. 8.2 


From Table 7.9, sinh”! (x/a) is also an antiderivative of 1/ Va? + x”, so the two anti- 
derivatives differ by a constant, giving 


é =| x a 
sinh a In 


Setting x = 0 in this last equation, we find 0 = In |1| +C, so C=0. Since 
a+x> |x 


, we conclude that 


(See also Exercise 76 in Section 7.3.) | 
EXAMPLE 3 Evaluate 
/ x? dx 
V9 — x2 
Solution We set 


x=3sin0, dx =3cos6do, = eS 


9 — x7 = 9 — Osin? 6 = 9(1 — sin? A) = 9 cos? 0. 
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Then 
3 x / x? dx - [ose eseos oa? 
‘ V9 — x? |3 cos 6| 
V9 — x? = 9 [sin oo cos > Ofor—F <0.< 5 
FIGURE 8.5 Reference triangle for 
x = 3 sin 6 (Example 3): : 1 — cos 20 ai 
sin@ =~ 7 2 
3 
_9/, _ sin 26 
and . =5 (0 5) ) +C 
cos 6 = * = 9 
= 5 (@ — sin 6 cos 6) + C sin 20 = 2 sin @ cos 6 
Of . 4x x 9 — x? : 
=> sin 3 3 7 3 +C From Fig. 8.5 
_ - Hy X x 2 
sin 37 5 ee aot am OF | 
EXAMPLE 4 Evaluate 
i dx 2 
—— Se ., > =, 
V25x2 — 4 5 
Solution We first rewrite the radical as 
V25x7 — 4 = 25( = 4) 
2 
-e-Q 
to put the radicand in the form x? — a’. We then substitute 
x= So. fea eenine ds. 0<0<2 
5 5 2 
a 4 4 
2 = 2 
x (2 55 Sec 0 35 
ee eT ee ee 
= 55 (sec 8 — 1) 5 tan- 0 
2 tan 6 > 0 for 
a (2) = 2|tan 6| = 5 tan 6. 0<0<2/2 
sx] | Vag a 
With these substitutions, we have 
/ dx a dx (2/5) sec 6 tan 6 dé 
5 = = 
V25x2 — 4 5Vx2 — (4/25) 5+(2/5) tan 6 
FIGURE 8.6 If x = (2/5)sec 9, 
0 <0 < 7/2, then 6 = sec”! (5x/2), = 5 | ec 0a0 = Fin|sec 6 + tan6| + C 
and we can read the values of the other 
trigonometric functions of 6 from this aS | 
right triangle (Example 4). = i In x + a 4 + C. From Fig. 8.6 | 


Exercises 8.4 | 


Using Trigonometric Substitutions 
Evaluate the integrals in Exercises 1-14. 


1 / dx 2 / 3 dx 
Vo+ 2 YP VT Oe 
> ax > dk 
3. —; 4. 
944 x 9 8 + 2x? 
5 | dx 6 Wave 2 dx 
0 V9-xX , 0 V1 — 4x? 
7 [ve-ea 8. [vince 
dx 7 | 5 dx 3 
9. , x> 10. a 
/ V4x2 — 49 2 V25x2 — 9 5 
Vy? — 49 Vy? — 25 
i, fie ee PB fe 
y 
dx 2 dx 
13. =, 14. a —— nO we all| 
| de al 


Assorted Integrations 

Use any method to evaluate the integrals in Exercises 15-34. Most 
will require trigonometric substitutions, but some can be evaluated by 
other methods. 


2; 
x x 
is. | 16. d. 
/ Vo— 2 / 4+” 
ae PS 18 (a 
. Vx2 +4 : Vx? +:1 
\/ = 2 
jo, | = — 4, | 22 —* oy 
wa w w 
a. f tala 22, pevta4ax 
23 [- 4x? dx 24 [ dx 
dy Uae PP ile Geer 
dx x2 dx 
25. le = KS 1 26. lee KS 1 
1 — x2)3/2 1 — x2)1/2 
rap [ue 28. [ue 
x x 
8 dx 6 dt 
a yy. /_ — 
ie + 1) la + 1) 
pees 
31. | a 32. | ee 
2-1 25 + 4x2 
. 2 1 — r2)3/2 
33. [io Se 34. [Re 
== t— r 


In Exercises 35-48, use an appropriate substitution and then a trigono- 
metric substitution to evaluate the integrals. 


In4 . In (4/3) A 
a 36. / oe 
0 Ver +9 ing/a) (1 + e”) 
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yin Vt + 4tVt 1 yV1 + dnyy 
x dx 
39. ee 40. 
I, Vx? - 1 I + x? 
x dx dx 
41. ————— 42. 
/ - 1 V1 — x? 
43 _ xdx 44 Mi = dnxy 
“IT W14++ : xInx 


4-x x 
45. i xX dx 46. / i-n”™ 


(Hint: Let x = u2.) (Hint: Let u = x?/?.) 


a7. { ViVi xa 48. =. 


Initial Value Problems 
Solve the initial value problems in Exercises 49-52 for y as a function 
of x. 


ie? =e ~ 

F Xa = x 4, x22, y2)=0 

50. Pago uA x > 3, y5) = In3 
. dx ; se 


d 
51. (x2 + 4) = 3, (2) = 0 


ad 
52. «? + 1? ° = Vx +1, y(0) = 


Applications and Examples 
53. Area Find the area of the region in the first quadrant that is 
enclosed by the coordinate axes and the curve y = V9 — x?/3. 


54. Area Find the area enclosed by the ellipse 


ep 
55. Consider the region bounded by the graphs of y = sin"! x, y = 0, 
and x = 1/2. 
a. Find the area of the region. 
b. Find the centroid of the region. 
56. Consider the region bounded by the graphs of y = Vx tan! x 
and y = 0 for 0 = x = 1. Find the volume of the solid formed 


by revolving this region about the x-axis (see accompanying 
figure). 


>X 
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57. Evaluate f 3 V1 — x? dx using b. Solve the equation in part (a) for f(x), using f(30) = 0. 
a. integration by parts. y 


b. a u-substitution. y = f(x) path of skier 


c. a trigonometric substitution. 


58. Path of a water skier Suppose that a boat is positioned at the boat 30 ft rope 
origin with a water skier tethered to the boat at the point (30, 0) 
on a rope 30 ft long. As the boat travels along the positive y-axis, ) 
the skier is pulled behind the boat along an unknown path I 
y = f(x), as shown in the accompanying figure. ! 
—V900 — x? of x (30, 0) 


Xx 


(x, f(x)) skier 


a. Show that f’(x) = 


(Hint: Assume that the skier is always pointed directly at the boat 
and the rope is on a line tangent to the path y = f(x).) 


NOT TO SCALE 


8.5 Integration of Rational Functions by Partial Fractions 


This section shows how to express a rational function (a quotient of polynomials) as a sum 
of simpler fractions, called partial fractions, which are easily integrated. For instance, the 
rational function (5x — 3)/(x? — 2x — 3) can be rewritten as 


Sx= 3. 2 g. 3 
x2 — 2x — 3 x + 1 x- 3° 


You can verify this equation algebraically by placing the fractions on the right side over a 
common denominator (x + 1)(x — 3). The skill acquired in writing rational functions as 
such a sum is useful in other settings as well (for instance, when using certain transform 
methods to solve differential equations). To integrate the rational function 
(5x — 3)/(x? — 2x — 3) on the left side of our previous expression, we simply sum the 
integrals of the fractions on the right side: 


ses _f2 3 
Pe een as [Aaet [Aaa 


= 2In|x + 1] + 3Inlx - 3) +. 


The method for rewriting rational functions as a sum of simpler fractions is called the 
method of partial fractions. In the case of the preceding example, it consists of finding 
constants A and B such that 


Sx-3  __A a: B 
x2 — 2x — 3 x+ 1 x = 3° 


() 


(Pretend for a moment that we do not know that A = 2 and B = 3 will work.) We call the 
fractions A/(x + 1) and B/(x — 3) partial fractions because their denominators are 
only part of the original denominator x” — 2x — 3. We call A and B undetermined coef- 
ficients until suitable values for them have been found. 

To find A and B, we first clear Equation (1) of fractions and regroup in powers of x, 
obtaining 


5x —-3 =A@—-—3)+ Bat+1=At Bx -3A +B. 


This will be an identity in x if and only if the coefficients of like powers of x on the two 
sides are equal: 


A+B=5, -3A + B=-3. 


Solving these equations simultaneously gives A = 2 and B = 3. 
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General Description of the Method 


Success in writing a rational function f(x)/g(x) as a sum of partial fractions depends on 
two things: 


e The degree of f(x) must be less than the degree of g(x). That is, the fraction must be 
proper. If it isn’t, divide f(x) by g(x) and work with the remainder term. Example 3 of 
this section illustrates such a case. 


e@ We must know the factors of g(x). In theory, any polynomial with real coefficients can 
be written as a product of real linear factors and real quadratic factors. In practice, the 
factors may be hard to find. 


Here is how we find the partial fractions of a proper fraction f(x)/g(x) when the factors of 
g are known. A quadratic polynomial (or factor) is irreducible if it cannot be written as 
the product of two linear factors with real coefficients. That is, the polynomial has no real 
roots. 


Method of Partial Fractions when f(x) /g(x) is Proper 
1. Let x — r bea linear factor of g(x). Suppose that (x — ry” is the highest 
power of x — r that divides g(x). Then, to this factor, assign the sum of the 
m partial fractions: 
A, Ay An 
+ ste +, 
(x-r) (x-ry ao 1n” 


Do this for each distinct linear factor of g(x). 


2. Let x? + px + q be an irreducible quadratic factor of g(x) so that 
x? + px + q has no real roots. Suppose that (x? + px + q)" is the highest 
power of this factor that divides g(x). Then, to this factor, assign the sum of 
the n partial fractions: 


Bux +C, i Box + Cy & B,x + C, 
(x? + px + q) (x? + px + gy (x? + px + q)" 


Do this for each distinct quadratic factor of g(x). 


3. Set the original fraction f(x)/ g(x) equal to the sum of all these partial 
fractions. Clear the resulting equation of fractions and arrange the terms in 
decreasing powers of x. 


4. Equate the coefficients of corresponding powers of x and solve the resulting 
equations for the undetermined coefficients. 


EXAMPLE 1 Use partial fractions to evaluate 
e+4x+1 re 
(x - Da@&t+ Dat 3) 


Solution The partial fraction decomposition has the form 


x27 + 4x 4+ 1 __A ai B 4 GC 
(x- Det la@at+3) x-1 xt+1 «+37 


To find the values of the undetermined coefficients A, B, and C, we clear fractions and get 
+ 4x +1 =A + Die t+ 3) + Be -— D&+ 3) 4+ C&e- Dat 1 
= A(x? + 4x + 3) + B(x? + 2x — 3) + C(x? - 1) 
= (A+ B+ Cx? + (44 4+ 2B)x + GA — 3B - C). 
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The polynomials on both sides of the above equation are identical, so we equate coeffi- 
cients of like powers of x, obtaining 


Coefficient of x?: A+ B+c=1 
Coefficient of x!: 4A + 2B = 4 
Coefficient of x°: 3A -—-3B-C=1 


There are several ways of solving such a system of linear equations for the unknowns A, B, 
and C, including elimination of variables or the use of a calculator or computer. Whatever 
method is used, the solution is A = 3/4, B = 1/2, and C = —1/4. Hence we have 


vet4xt+1 ge 3. J ie: 1 1 1 ay 
(x — lx + 1)(x + 3) 4Ax-1 2x+1 4x+3 


3 1 1 
= Gin |x 1] + xin |x + 1] — gin|x + 3] + K, 
where K is the arbitrary constant of integration (to avoid confusion with the undetermined 
coefficient we labeled as C). | 


EXAMPLE 2 Use partial fractions to evaluate 


6x + 7 : 
(x + 27° 


Solution First we express the integrand as a sum of partial fractions with undetermined 
coefficients. 


6x+7_ A B 

(x+ 27? *+2 (+27 

6x + 7=A(xt+2)+B Multiply both sides by (x + 2)”. 
= Ax + (2A + B) 


Equating coefficients of corresponding powers of x gives 


A=6 and 2A+B=12+ B= 7, or A=6 and B=-—5. 


eT (2 5 ) ae 
(x + 2) x+2 (+27 


_ dx —2 
-6 [85 sft dx 


= 6In|x + 2} + 5@ + 2)'4+C. | 


Therefore, 


The next example shows how to handle the case when f(x)/ g(x) is an improper frac- 
tion. It is a case where the degree of f is larger than the degree of g. 


EXAMPLE 3 Use partial fractions to evaluate 


2x) — Ax? — x - 3 
x2 — 2x — 3 , 


Solution First we divide the denominator into the numerator to get a polynomial plus a 
proper fraction. 


2x 
x? — 2x 3)2x3 4x? x3 
2x3 — 4x? — 6x — 3 
O03 


8.5 Integration of Rational Functions by Partial Fractions 483 


Then we write the improper fraction as a polynomial plus a proper fraction. 


cee | en _ 
2x 4x x Pe ak 5x — 3 
x* — 2x - 3 x2 — 2x - 3 


We found the partial fraction decomposition of the fraction on the right in the opening 
example, so 


ede — x = 3 ox 3 
= | 2. a ee oe 
/ = Be 3 os [ra [eteae 


_ 2 3 
= frvdv+ [Peat [Aaa 


= x74 2In|x +1] + 3in|x-—3/ +. a 


EXAMPLE 4 Use partial fractions to evaluate 


il = +4 
(e+ 1Iix- 1? — 


Solution The denominator has an irreducible quadratic factor as well as a repeated linear 
factor, so we write 
—2x +4 Ax + B GC D 


@lpe=ie £21 2-1. Go m (2) 


Clearing the equation of fractions gives 
—2x + 4 = (Ax + Bx -— 12? + Ca — D(x? +: 1) + Dix? + -*1) 
=(A+ Ox4+ (2A +B-—C+ D)xX* 
+ (A= 2B + OCjx + B= C+ D). 


Equating coefficients of like terms gives 


Coefficients of x*: 0O=A+C 

Coefficients of x7: 0=-2A+B-C+D 
Coefficients of x!: —-2=A-—2B+C 
Coefficients of x°: 4=B-C+D 


We solve these equations simultaneously to find the values of A, B, C, and D: 


—4 = —2A, A=2 Subtract fourth equation from second. 
C=-A=-2 From the first equation 
B=(A+C+2)/2=1 From the third equation and C = —A 
D=4-B+C=1. From the fourth equation. 


We substitute these values into Equation (2), obtaining 


—2x +4 _ 2x t+ 1 2 1 
+ Dx-1P x#4+1 x«-1 @H- 1) 


Finally, using the expansion above we can integrate: 


eA i (+1 ae Ls) ax 
(x- + 1) - 1) xwr+1 o%x-1 @-1) 


2x 1 2 1 
= + + 
Cee e+l xi oe 
1 


= In(@? + 1) + tan! x — 2In|x - 1| ieee a 
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HISTORICAL BIOGRAPHY 
Oliver Heaviside 


(1850-1925) 


EXAMPLE 5 Use partial fractions to evaluate 


Solution The form of the partial fraction decomposition is 


1 -~A,Bxrt+C, Dxt+E 
x(x? +1)? * wrt (x? + 1)? 


Multiplying by x(x? + 1)*, we have 
1 = A(x? + 1)? + (Bx + C)x(x? + 1) + (Dx + E)x 
= A(xt + 2x2 + 1) + Blx* + x2) + COP + x) + Dx? + Ex 
=(A + Bxt*+ OP4+ QA+B+D)x2+(C+ Ext A. 


If we equate coefficients, we get the system 
A+B=0, C=90, 20A+B+D=0, C+E=0, A=1. 
Solving this system gives A = 1, B= —1, C=0, D =~—1, and E = 0. Thus, 


dx 1 =x =* 
= + + d. 
le + 1) ii} eP+1l + =| is 
dx x dx x dx 
7 r+) (x? + 1)? 
dx 1 [| du 1 | du b= x 1; 
x 2; u 2) 2 du = 2xdx 


= In |x| — Fin |ul ++ K 


= In|x| — Fin(e? + 1) ++ + k 


|x| i 
=} + + K. esl) 
- Vx2 + 1 21" + 1) 


The Heaviside “Cover-up” Method for Linear Factors 


When the degree of the polynomial f(x) is less than the degree of g(x) and 


B(x) = (& — H)@ — NH) — Fy) 


is a product of n distinct linear factors, each raised to the first power, there is a quick way 
to expand f(x)/g(x) by partial fractions. 


EXAMPLE 6 Find A, B, and C in the partial fraction expansion 


wrt A B Cc 
6=1e=oG=5) 21 ¢oo 2-3 (3) 


Solution If we multiply both sides of Equation (3) by (x — 1) to get 


w+) Bax- 1), Ca- 1) 
G=2G=3) “gag " aoe 


and set x = 1, the resulting equation gives the value of A: 
ay +1 

(1 — 2) — 3) 

A=1. 


=A+0+0, 
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Thus, the value of A is the number we would have obtained if we had covered the factor 
(x — 1) in the denominator of the original fraction 


2 
Ee DE=F eo 
and evaluated the rest at x = 1: 
(i)? + 1 oe ee 
@-pla-aja-3 ©DCD © 
tine 


Similarly, we find the value of B in Equation (3) by covering the factor (x — 2) in Expres- 
sion (4) and evaluating the rest at x = 2: 


_ Qe +1 5 | 
2-pl@-2}]@-3) WCD 
t 


Cover 


=5: 


Finally, C is found by covering the (x — 3) in Expression (4) and evaluating the rest at 
x= 3: 
_ Gyr el eA 2 
B-D)B-HDl@—3] OO 


Cover 


Heaviside Method 
1. Write the quotient with g(x) factored: 


FX) _ fx) 
gx) & — OE HY 1) 


2. Cover the factors (x — 1) of g(x) one at a time, each time replacing all the 
uncovered x’s by the number 7;. This gives a number A; for each root 7;: 


= fa) 
A= Gay 
i= f(r) 
7 (% — WY) — 1) (a h) 
A f) 


= Oh — TOC ~ 1) On aD? 


3. Write the partial fraction expansion of f(x)/ g(x) as 
f@) A, Ay A, 
= + foreet 
gx) @-n) @&-hn) (x — My) 


EXAMPLE 7 Use the Heaviside Method to evaluate 


a ee 
x? + 3x2 — 10x 
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Solution The degree of f(x) = x + 4 is less than the degree of the cubic polynomial 
e(x) = x° + 3x? — 10x, and, with g(x) factored, 


x+4 7 x+4 
e+ 3x2 -— 10x x(x — 2)(x + 5) 


The roots of g(x) are 7, = 0, m = 2, and 7 = —5. We find 


i= 0+4 __4 2 
1 = 
O-20+5) ©2?O) 95 
ft 
Cover 
2+4 6 3 
aa ~ (2)(7) 7 
2f@-2al]a+5) OM 
i 
Cover 
_ —-5+4 _ —1 —_ 1 
As —5)(-7) 35° 
(-5-5 — [@+5)]| 
qt 
Cover 
Therefore, 
x+4 a eee: 1 
x(x — 2)(x + 5) 5x 7(ix-— 2) 35(x + 5)’ 
and 
x+4 = 3 1 
lx fA de =—2in|x| + 3im|x-2)-Am[e+ si +c 


Other Ways to Determine the Coefficients 


Another way to determine the constants that appear in partial fractions is to differentiate, 
as in the next example. Still another is to assign selected numerical values to x. 
EXAMPLE 8 Find A, B, and C in the equation 


x-1 _iA ai B i Cc 
@~+1P xt+1l @+ilyPr wt I 


by clearing fractions, differentiating the result, and substituting x = —1. 


Solution We first clear fractions: 
x-1=A@4+1?+Be4+14+C 


Substituting x = —1 shows C = —2. We then differentiate both sides with respect to x, 
obtaining 


1=2A~+ 1) +B. 


Substituting x = —1 shows B = 1. We differentiate again to get 0 = 2A, which shows 
A = O. Hence, 


x-1_ 1 2 = 
«+Ip @+1P @+ 1? 


In some problems, assigning small values to x, such as x = 0, +1, +2, to get equa- 
tions in A, B, and C provides a fast alternative to other methods. 


EXAMPLE 9 
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Find A, B, and C in the expression 


wet) A B " C 


(x — D@ -—2)«-3) x-1 


KH 2° K=s3 


by assigning numerical values to x. 


Solution 


Clear fractions to get 


x? + 1 = A(x — 2) — 3) + B& — Da - 3) + C& — DO - 2). 
Then let x = 1, 2, 3 successively to find A, B, and C: 


x=1:  (1)?+1=AC1)C2) + BO) + C(O) 
2=2A 
ew 

x=2: (2% +1=A(0) + BULY\H-1) + C(O) 
5=-B 
B=-5 

x=3: (3) +1=A() + BO) + C2)\(1) 
10 =2C 
C=4. 

Conclusion: 
# Ste 
Peg ee en ae ee x 


Exercises 8.5. 


Expanding Quotients into Partial Fractions 
Expand the quotients in Exercises 1-8 by partial fractions. 


1. 2 = 13 2. 5x — 7 
(x — 3)(x — 2) x? -3x+2 
x+4 Ds a eas 

. 4, > 
(x + 1) x2 —2x+1 
gar Dl 6 Zz 

"£@—1) “g=P7 =t 

r+8 8 eo+9 

“P-5¢++6 “A+ oP 


Nonrepeated Linear Factors 
In Exercises 9-16, express the integrand as a sum of partial fractions 
and evaluate the integrals. 


dx 
9. | —— 
js 
11 io = 
“J e+ 5x - 6 
8 
d 
B | 5 
4 y¥ —2y—3 
dt 


15. | =, 
li +t? — Ot 


Repeated Linear Factors 
In Exercises 17—20, express the integrand as a sum of partial fractions 
and evaluate the integrals. 


dx 


w. [- 
x’ + 2x 


x2 — Ix + 12 


dx 


. x3 dx 
“i 2x4 1 


dx 20. / x? dx 
(x — 1)(x? + 2x + 1) 


19. ear 


Irreducible Quadratic Factors 
In Exercises 21-32, express the integrand as a sum of partial fractions 
and evaluate the integrals. 


: dx 
om | (x + DO? + 1) 


[Ss 2y + 1 
(ee 1)? 
2s +2 


25. [Sa + DGD ds 


vr—xt2 
e- 1 


23. 


27. dx 


29. 


31. 


3 pA 
|? + 50? + 80 +4 4, 


(O28 + 2) 
fie 403 + 267 


(+ 1) 


32. 30 + 1 


do 
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Improper Fractions 

In Exercises 33-38, perform long division on the integrand, write the 
proper fraction as a sum of partial fractions, and then evaluate the 
integral. 


Evaluating Integrals 
Evaluate the integrals in Exercises 39-50. 


e At 2t _ of 
39. _ edt 40. ev" + 2e @ it 
et + 3e +2 e+] 
cos yd j 
a. l= ydy 45, 7 : sin 6 d0 
sin’ y + siny — 6 cos’ 6 + cos@ — 2 


43. 


fs — 2)? tan”! (2x) — 12x3 — 3x 
(4x? + 1)(x — 2)? 


+ 1)? tan”! (3x) + 9x3 + x 

(9x2 + 1) + 1? 7 

—— dx 
ae — Vx 


ee + 1 
jz ax 


44. 


1 
45. 46. | —————— dx 
la — 1) Vx 


(Hint: Let x = u®.) 


47. 


1 
48. evesta 
xVx +9 


1 
50. — 
tz + 4) “ 


(Hint: Letx + 1 = wv.) 


3 
(ain Multiply by =) 
Pa 


Initial Value Problems 
Solve the initial value problems in Exercises 51—54 for x as a function 
of ft. 


49. 


51. (@ — 37 + 2) @ = 1 (t>2), x3)=0 

52. (374 + 42 + 1) a = 2V3, x1) = -7V3/4 
dx 

53, (P + 2)F=w+2 Gx>O, x1)=1 


54. (t + jpE--2 +1 (@¢@>-1, x0) =0 
Applications and Examples 
In Exercises 55 and 56, find the volume of the solid generated by 
revolving the shaded region about the indicated axis. 
55. The x-axis 
3 
y= —_ 
y V3x — x? 


(0.5, 2.68) (2.5, 2.68) 


> X 


[A 


[4 


56. The y-axis 
= 2 
~@+D2—x) 


>< 
< 


>X 


0 1 


57. Find, to two decimal places, the x-coordinate of the centroid of 
the region in the first quadrant bounded by the x-axis, the curve 
y = tan”! x, and the line x = V3. 


58. Find the x-coordinate of the centroid of this region to two decimal 
places. 
y 

3, 1.83 
: ; y = e+ 13x -9 

x3 + 2x? — 3x 

(5, 0.98) 
> X 
0 3 5 


59. Social diffusion Sociologists sometimes use the phrase “social 
diffusion” to describe the way information spreads through a 
population. The information might be a rumor, a cultural fad, or 
news about a technical innovation. In a sufficiently large popula- 
tion, the number of people x who have the information is treated 
as a differentiable function of time f, and the rate of diffusion, 
dx/dt, is assumed to be proportional to the number of people who 
have the information times the number of people who do not. 


This leads to the equation 


dx 


dt 
where N is the number of people in the population. 
Suppose ¢ is in days, k = 1/250, and two people start a 
rumor at time t = 0 ina population of N = 1000 people. 


= kx(N — »), 


a. Find x as a function of tf. 


b. When will half the population have heard the rumor? (This is 
when the rumor will be spreading the fastest.) 


60. Second-order chemical reactions Many chemical reactions 
are the result of the interaction of two molecules that undergo a 
change to produce a new product. The rate of the reaction typi- 
cally depends on the concentrations of the two kinds of mole- 
cules. If a is the amount of substance A and b is the amount of 
substance B at time t = 0, and if x is the amount of product at 
time ¢, then the rate of formation of x may be given by the differ- 
ential equation 
dx 


a k(a — x)(b — x), 


or 


1 dx _ k 
(a — x)(b — x) dt 
where k is a constant for the reaction. Integrate both sides of this 
equation to obtain a relation between x and ft (a) if a = b, and 
(b) if a ~ b. Assume in each case that x = 0 when t = 0. 
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8.6 Integral Tables and Computer Algebra Systems 


In this section we discuss how to use tables and computer algebra systems (CAS) to evalu- 
ate integrals. 


Integral Tables 


A Brief Table of Integrals is provided at the back of the book, after the index. (More exten- 
sive tables appear in compilations such as CRC Mathematical Tables, which contain thou- 
sands of integrals.) The integration formulas are stated in terms of constants a, b, c, m, n, 
and so on. These constants can usually assume any real value and need not be integers. 
Occasional limitations on their values are stated with the formulas. Formula 21 requires 
n # —1, for example, and Formula 27 requires n # —2. 

The formulas also assume that the constants do not take on values that require divid- 
ing by zero or taking even roots of negative numbers. For example, Formula 24 assumes 
that a # 0, and Formulas 29a and 29b cannot be used unless D is positive. 


EXAMPLE 1 Find 


po + 5)! dx. 


Solution We use Formula 24 at the back of the book (not 22, which requires n ~ —1): 
pro + by! dx = = _ Pio |ax + b| + C. 
a 
With a = 2 and b = 5, we have 


rors sytar=5~$iniar +5] +c | 


EXAMPLE 2 Find 
/ dx 
xV2x — 4 
Solution We use Formula 29b: 


/ dx 2 tan! . [= b 
xVax—b Vb b 
With a = 2 and b = 4, we have 


dx 2 _, /2x-4 _ |x—2 
= tan + C = tan —~— + C. | 
a V4 y 4 y 2 


EXAMPLE 3 Find 


“eC, 


ic sin! x dx. 


Solution We begin by using Formula 106: 


. xntl : a xntl dx 
x" sin”! ax dx = sin! ax — ; n#-—l. 
/ n+1 n+ 1] Vy — @x 
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With n = 1 anda = 1, we have 


p sin! x dx = x sin! x u x" dx 
2 2) VI— 2 


Next we use Formula 49 to find the integral on the right: 


x? Oe a | 1 Z 5) 
l/s 7 sin a axVa x EC, 


With a = 1, 


x? dx 1. 4 1 
= <ssin!x xV1—-x+C. 
V1—x 2 2 


The combined result is 


2 
p sin! xdx = - sin! x (3 sin! x FxVI + c) 


2 
=($-hsinte + Levinas tc. Oo 


Reduction Formulas 


The time required for repeated integrations by parts can sometimes be shortened by apply- 
ing reduction formulas like 


rma = - j tan" x — [rary (1) 


/ (In x)" dx = x(In x)" — n 7 (In x)"~! dx (2) 


. sin” !xcos™*!x n—-1f/ .,- 
sin” x cos” x dx oa sin”? x cos” x dx (n #—m). 
mtn mtn 
(3) 


By applying such a formula repeatedly, we can eventually express the original integral in terms of 
a power low enough to be evaluated directly. The next example illustrates this procedure. 


/ tan? x dx. 


Solution We apply Equation (1) with n = 5 to get 


[raxar = Eitan! x — [raxax 


We then apply Equation (1) again, with n = 3, to evaluate the remaining integral: 


EXAMPLE 4 Find 


[rarer = Fan? x = franxax = Stan? x + In |cos x| + C. 


The combined result is 


[rarer = Titan! x Fan? x In [cos x| + C’. | 


As their form suggests, reduction formulas are derived using integration by parts. (See 
Example 5 in Section 8.2.) 
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Integration with a CAS 


A powerful capability of computer algebra systems is their ability to integrate symboli- 
cally. This is performed with the integrate command specified by the particular system 
(for example, int in Maple, Integrate in Mathematica). 


EXAMPLE 5 Suppose that you want to evaluate the indefinite integral of the function 
f(x) = 22V a? + 2x2. 
Using Maple, you first define or name the function: 
> f= x2 * sqrt (a2 + x2); 
Then you use the integrate command on f, identifying the variable of integration: 
> int(f, x); 


Maple returns the answer 
Exta? + 9239/2 — pave + x? — gat in (x + Va + can 
If you want to see if the answer can be simplified, enter 


> simplify(%); 


Maple returns 
parva +32 + reve +32 - pain (x + Va + a): 
If you want the definite integral for 0 = x < 7/2, you can use the format 


> int(f, x = 0..Pi/2); 


Maple will return the expression 
ag TA? + 72)8/2) — gy tae +e + zat In (2) 
= 5a In (ar + V4a? + a) + pain (a): 
You can also find the definite integral for a particular value of the constant a: 
>a= 1; 


> int(f, x = 0..1); 


Maple returns the numerical answer 


3 1 
gV2 + Qin('V2 = 1). = 


EXAMPLE 6 Use a CAS to find 


i sin? x cos? x dx. 


Solution With Maple, we have the entry 
> int ((sin’2)(x) * (cos’3)(x), x); 


with the immediate return 


oe aes Oe 2s 
5 sin (x) cos (x)* + 15 cos (x)* sin (x) + 15 sin (x). | 


Computer algebra systems vary in how they process integrations. We used Maple in 
Examples 5 and 6. Mathematica would have returned somewhat different results: 
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1. In Example 5, given 
In [1] = Integrate [ x“2 * Sqrt [a2 + x2], x] 


Mathematica returns 


2 3 
Out [1] = Va? + x? ( +2) _ 5 a4 Log [x + Va + x | 


without having to simplify an intermediate result. The answer is close to Formula 22 
in the integral tables. 


2. The Mathematica answer to the integral 
In [2]:= Integrate [ Sin [x ]2 * Cos [x]‘3, x] 


in Example 6 is 


nl) Asa) - Asis 


Si 
Ou —% 48 80 


differing from the Maple answer. Both answers are correct. 


Although a CAS is very powerful and can aid us in solving difficult problems, each 
CAS has its own limitations. There are even situations where a CAS may further compli- 
cate a problem (in the sense of producing an answer that is extremely difficult to use or 
interpret). Note, too, that neither Maple nor Mathematica returns an arbitrary constant 
+C. On the other hand, a little mathematical thinking on your part may reduce the prob- 
lem to one that is quite easy to handle. We provide an example in Exercise 67. 

Many hardware devices have an availability to integration applications, based on soft- 
ware (like Maple or Mathematica), that provide for symbolic input of the integrand to 
return symbolic output of the indefinite integral. Many of these software applications cal- 
culate definite integrals as well. These applications give another tool for finding integrals, 
aside from using integral tables. However, in some instances, the integration software may 
not provide an output answer at all. 


Nonelementary Integrals 


The development of computers and calculators that find antiderivatives by symbolic 
manipulation has led to a renewed interest in determining which antiderivatives can be 
expressed as finite combinations of elementary functions (the functions we have been 
studying) and which cannot. Integrals of functions that do not have elementary antideriva- 
tives are called nonelementary integrals. These integrals can sometimes be expressed 
with infinite series (Chapter 10) or approximated using numerical methods for their evalu- 
ation (Section 8.7). Examples of nonelementary integrals include the error function (which 
measures the probability of random errors) 


erf (x) = We : e* dt 
TSO 


and integrals such as 


[sme dx and jv + x4 dx 


that arise in engineering and physics. These and a number of others, such as 


e (e*) J sin x x 
/s dx, Je dx, Jue ic (In x) dx, / a dx, 


|v — k’ sin? x dx, 0O<k<i, 
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look so easy they tempt us to try them just to see how they turn out. It can be proved, how- 
ever, that there is no way to express these integrals as finite combinations of elementary 
functions. The same applies to integrals that can be changed into these by substitution. 
The integrands all have antiderivatives, as a consequence of the Fundamental Theorem of 
Calculus, Part 1, because they are continuous. However, none of the antiderivatives are 
elementary. The integrals you are asked to evaluate in the present chapter have elementary 
antiderivatives, but you may encounter nonelementary integrals in your other work. 


Exercises 8.6. 


Using Integral Tables 
Use the table of integrals at the back of the book to evaluate the inte- 
grals in Exercises 1-26. 


1 / dx 2 | dx 
, xVx— 3 , xVx +4 
x dx 4 / x dx 
Ve=2 ” fx + 3? 
5. pre — 3dx 6. po + 59/2 dx 
V9 — 4x dx 
Te ——— ee 8. a. 
x xV4Ax — 9 
A/a 
9, [verte 10. [ore 
11. i= 12. i= 
xV7 + x? xV7-— x? 
V/4 — x2 \/2 _ 
13. [oe 14, [oe 
15. Je cos 3¢t dt 16. Je 3! sin 4t dt 
L, [rcostxa 18. [ro x dx 
19, Je tan! x dx 20. pera *d 
21. [oo 3x cos 2x dx 22. [om 2x cos 3x dx 
23, Js sin 4t sin 5 dt 24. [ood sin dt 
0 0 0 
25. Joos 3 COs 7 dé 26. Joos 7 OS 70 do 


Substitution and Integral Tables 
In Exercises 27-40, use a substitution to change the integral into one 
you can find in the table. Then evaluate the integral. 


etxtl x? + 6x 
27. | — 28. | ~~ ad 
/ Gti” Ie +3) 


—1 cos! Vx | 
29. Fi sin! Vx dx 30. dx 
a 


31. Vx ay 3a, [as 
Vi-x Ve 
33. oot = sin at 0<t<7/2 


34. ll 
tan tV4 — sin? t 


36. ic Vy dy 


45 la 
: yV3 + (ny)? 


37. \===« 
Vxr + 2x +5 


(Hint: Complete the square.) 


2 
38. = oe 
Ver — 4x +5 


40. fe V2x — x* dx 


Using Reduction Formulas 
Use reduction formulas to evaluate the integrals in Exercises 41-50. 


41. [ow 2x dx 42. Js cos* 2art dt 
43. [ow 20 cos* 26 dé 44, ip sin’ ft sec* t dt 
45. Ic tan? 2x dx 46. Js cott t dt 

47. p sec? ax dx 48. p sec? 3x dx 
49, Jose x dx 50. [rsran x)? dx 


Evaluate the integrals in Exercises 51-56 by making a substitution 
(possibly trigonometric) and then applying a reduction formula. 


3 
51. Je sec? (e! — 1) dt a VO ag 
V0 
1 V3/2 dy 
53. i 2Vx2 + «1 dx s4. | a ae 
0 0 (l= Per 
2/2 _ 1)3/2 W/V3 
1 
55. i cabelas 56. 4 i 
1 0 oa a 
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Applications 


64. What is the largest value 


57. Surface area Find the area of the surface generated by revolv- b 
ing the curve y = Vier-+2,05x< V2, about the x-axis. / xV 2x — x2 dx 
da 


58. Arc length Find the length of the curve y=x*,0Sx 


V3/2. 


can have for any a and b? Give reasons for your answer. 


59. Centroid Find the centroid of the region cut from the first COMPUTER EXPLORATIONS 


quadrant by the curve y = 1/Vx + 1 and the line x = 3. 


60. Moment about y-axis A thin plate of constant density 6 = 1 
occupies the region enclosed by the curve y = 36/(2x + 3) and 


In Exercises 65 and 66, use a CAS to perform the integrations. 


65. Evaluate the integrals 


the line x = 3 in the first quadrant. Find the moment of the plate a. / xInxdx b. i) x2 ln eax c. / nse 


about the y-axis. 


61. Use the integral table and a calculator to find to two decimal d. What pattern do you see? Predict the formula for a x4 In xdx 


places the area of the surface generated 
y = x, -1 <= x < 1, about the x-axis. 


by revolving the curve and then see if you are correct by evaluating it with a CAS. 


e. What is the formula for f x" In xdx,n = 1? Check your 


62. Volume The head of your firm’s accounting department has answer using a CAS. 
asked you to find a formula she can use in a computer program to 66. Evaluate the integrals 
calculate the year-end inventory of gasoline in the company’s tanks. 
A typical tank is shaped like a right circular cylinder of radius r and a. / = dx b. ‘| ae dx c. _ dx. 
length L, mounted horizontally, as shown in the accompanying a x * 
figure. The data come to the accounting office as depth measure- d. What pattern do you see? Predict the formula for 
ments taken with a vertical measuring stick marked in centimeters. 
a. Show, in the notation of the figure, that the volume of gaso- / me dx 


line that fills the tank to a depth d is 


rtd. 


and then see if you are correct by evaluating it with a CAS. 


V=2L Vr? — y* dy. e. What is the formula for 


b. Evaluate the integral. 


y 


— Measuring stick 


63. What is the largest value 


b 
Vx — x? dx 


a 


can have for any a and b? Give reasons for your answer. 
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[2 dx, n=2? 


Check your answer using a CAS. 
67. a. Use a CAS to evaluate 


7/ 2 cpr 
sin” x de 
7 sin" x + cos" x 


where n is an arbitrary positive integer. Does your CAS find 
the result? 

b. In succession, find the integral when n = 1, 2, 3,5, and 7. 
Comment on the complexity of the results. 


c. Now substitute x = (7/2) — u and add the new and old inte- 
grals. What is the value of 


me sin" x 
sin" x + cos" x oe 
0 


This exercise illustrates how a little mathematical ingenuity solves 
a problem not immediately amenable to solution by a CAS. 


The antiderivatives of some functions, like sin (x), 1 /In x, and V1 + x*, have no ele- 
mentary formulas. When we cannot find a workable antiderivative for a function f that we 
have to integrate, we can partition the interval of integration, replace f by a closely fitting 
polynomial on each subinterval, integrate the polynomials, and add the results to approxi- 
mate the definite integral of f. This procedure is an example of numerical integration. In this 
section we study two such methods, the Trapezoidal Rule and Simpson’s Rule. In our 
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presentation we assume that f is positive, but the only requirement is for it to be continu- 
ous over the interval of integration [ a, b]. 


Trapezoidal Approximations 


The Trapezoidal Rule for the value of a definite integral is based on approximating the 
region between a curve and the x-axis with trapezoids instead of rectangles, as in Figure 8.7. 
It is not necessary for the subdivision points x9, x;, X2,...,X, in the figure to be evenly 
spaced, but the resulting formula is simpler if they are. We therefore assume that the 
length of each subinterval is 


y =f@ 


Trapezoid area 
501 + y2)Ax 


FIGURE 8.7 The Trapezoidal Rule approximates short 
stretches of the curve y = f(x) with line segments. To 
approximate the integral of f from a to b, we add the 
areas of the trapezoids made by joining the ends of the 
segments to the x-axis. 


The length Ax = (b — a)/n is called the step size or mesh size. The area of the trapezoid 
that lies above the ith subinterval is 


Yi-1 + 9; A 
a(t) = 5 OS + yj), 


where y;-; = f(a%j-1) and y; = f(x). (See Figure 8.7.) The area below the curve y = f(x) 
and above the x-axis is then approximated by adding the areas of all the trapezoids: 


1 1 
T= 500 + yAr + 501 + w)Ax ts: 
1 1 
+ 3 Vn-2 + Yn— Ax + 3 On-1 + yp) Ax 
= 1 1 
= Ax aot + iy + EWA + 2 Yn 
Ax 
= 9 Vo + 2y, + 2yyg b+ + + 2-1 + Yn)s 


where 


Yo = f(Q), y= F(X), i Be Yn-1 = fOn—-D; Yn = f(b). 


The Trapezoidal Rule says: Use T to estimate the integral of f from a to b. 
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> X 
5.6 7 2 
4 4 4 


FIGURE 8.8 The trapezoidal 


approximation of the area under the graph 
of y = x* from x = | to x = 2 isa slight 


overestimate (Example 1). 


TABLE 8.2 
x y=? 
1 1 
3 25 
4 16 
6 36 
4 16 
ud 49 
4 16 
2 4 
y 


Parabola 


Ola=xo x, 


Xy 


> 
hol Xn-1 X= b 


y=fe) 


x 


FIGURE 8.9 Simpson’s Rule approxi- 
mates short stretches of the curve with 


parabolas. 


The Trapezoidal Rule 
To approximate f ° f(x) dx, use 


_ Ax 


T= 2 (> + 2y, + 2yy + Peet 24 ae v4) 


The y’s are the values of f at the partition points 
X= ax, =at Ax,xy =at 2Ax,...,%,-, = at (n— 1)Ax,x, = D, 


where Ax = (b — a)/n. 


EXAMPLE 1 Use the Trapezoidal Rule with n = 4 to estimate /, Px? dx. Compare the 
estimate with the exact value. 


Solution Partition [ 1, 2] into four subintervals of equal length (Figure 8.8). Then eval- 
uate y = x? at each partition point (Table 8.2). 

Using these y-values, n = 4, and Ax = (2 — 1)/4 = 1/4 in the Trapezoidal Rule, 
we have 


Ax 


T= 4 (+2 +2 +2 +») 


Since the parabola is concave up, the approximating segments lie above the curve, giving 
each trapezoid slightly more area than the corresponding strip under the curve. The exact 


value of the integral is 
2 312 
o>, _x |) 8 1_7 
, x° dx 3 i 3 373° 


The 7 approximation overestimates the integral by about half a percent of its true value of 
7/3. The percentage error is (2.34375 — 7/3)/(7/3) ~ 0.00446, or 0.446%. a 


Simpson’s Rule: Approximations Using Parabolas 


Another rule for approximating the definite integral of a continuous function results 
from using parabolas instead of the straight-line segments that produced trapezoids. As 
before, we partition the interval [a,b] into n subintervals of equal length h = Ax = 
(b — a)/n, but this time we require that n be an even number. On each consecutive pair 
of intervals we approximate the curve y = f(x) = 0 by a parabola, as shown in Figure 8.9. 
A typical parabola passes through three consecutive points (x;-;, y;-1), @, y), and 
(X41, Yj41) On the curve. 

Let’s calculate the shaded area beneath a parabola passing through three consecutive 
points. To simplify our calculations, we first take the case where x) = —h, x, = 0, and 


y 
A» 
(0, 1) 
(—A, yo) (A, yz) 
y = Ax? + Bx tC 
Yo Y1 y2 
“nh 0 h = 


FIGURE 8.10 By integrating from —h 
to h, we find the shaded area to be 


I 
3 (No + 4y, + yp). 


HISTORICAL BIOGRAPHY 
Thomas Simpson 


(1720-1761) 
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X) = h (Figure 8.10), where h = Ax = (b — a)/n. The area under the parabola will be 
the same if we shift the y-axis to the left or right. The parabola has an equation of the form 


y = Ax? + Bx + C, 


so the area under it from x = —h to x = his 
h 
A, = (Ax? + Bx + C) dx 
-h 
3 2 h 
= Ax" + a + Cx 
3 2 -h 
_ 2Ah? 


3 $ 2Ch= 4 (2an + 6C). 


Since the curve passes through the three points (—h, yo), (0, y,), and (A, y2), we also have 
y =AWP-Bh+C, y=C, yw=AVP+ Bh+C, 


from which we obtain 


C=y, 
Al? — Bh = yo — yi, 
Al? + Bh = y. — y, 
2Al? = yo + yy — 2yy. 


Hence, expressing the area A, in terms of the ordinates yo, y,, and y,, we have 
_A 2 _h _h 
A, = 3 (2Ah + 6C) = 3 (Oo + yz — 2y)) + 6y)) = 3 Yo + Ay, + yy). 


Now shifting the parabola horizontally to its shaded position in Figure 8.9 does not change 
the area under it. Thus the area under the parabola through (X9, yo), (x), 91), and (%, y) in 
Figure 8.9 is still 


h 
3 Oo + 4y1 + ya). 
Similarly, the area under the parabola through the points (x2, yy), (x3, y3), and (x4, y4) is 
h 
3 2 + 4y3 + yg). 
Computing the areas under all the parabolas and adding the results gives the approximation 
’ I h 
h 
/ fa) dx ~ 300 + 4, + 0) + 302 + 45 ty) Ho 
h 
+ 3 n-2 a Ayn 1 + Yn) 
I 
= 5 0 + 4y, + 2yy + 4y3 + 2yq + + +> + 2yy 9 + AYn—1 + Yn) 


The result is known as Simpson’s Rule. The function need not be positive, as in our deriva- 
tion, but the number n of subintervals must be even to apply the rule because each para- 
bolic arc uses two subintervals. 
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TABLE 8.3 
y= 5x" 


NY NIW KF NIK COC] & 
_— 
a 


Simpson’s Rule 
To approximate i ° f(x) dx, use 


§ = FXG) + dy, + yy + Ay Hee + ya + AI + Ip) 


The y’s are the values of f at the partition points 


XM = a,x, =at Ax,x, =a t+ 2Ax,...,%,-) = at (n— 1)Ax,x, = bD. 


n—- 


The number n is even, and Ax = (b — a)/n. 


Note the pattern of the coefficients in the above rule: 1, 4, 2,4, 2,4, 2,...,4, 1. 


EXAMPLE 2 Use Simpson’s Rule with n = 4 to approximate de : 5x4 dx. 


Solution Partition [0,2] into four subintervals and evaluate y = 5x* at the partition 
points (Table 8.3). Then apply Simpson’s Rule with n = 4 and Ax = 1/2: 


— Ax 


3 (>. + 4y, + 2y. + 4y3 + v4) 
“1 ci 405 
= (0 + (3) + 2(5) + a( 2) + 30) 


This estimate differs from the exact value (32) by only 1/12, a percentage error of less 
than three-tenths of one percent, and this was with just four subintervals. Oo 


S 


Error Analysis 


Whenever we use an approximation technique, the issue arises as to how accurate the approx- 
imation might be. The following theorem gives formulas for estimating the errors when using 
the Trapezoidal Rule and Simpson’s Rule. The error is the difference between the approxi- 
mation obtained by the rule and the actual value of the definite integral [ nm f(x) dx. 


THEOREM 1—Error Estimates in the Trapezoidal and Simpson’s Rules 
If f” is continuous and M is any upper bound for the values of |f”| on [a,b], 
then the error EZ; in the trapezoidal approximation of the integral of f from a to b 
for n steps satisfies the inequality 

|E;| = Trapezoidal Rule 
If f is continuous and M is any upper bound for the values of | f| on [a,b], 


then the error Ey in the Simpson’s Rule approximation of the integral of f from a 
to b for n steps satisfies the inequality 


Simpson’s Rule 


To see why Theorem | is true in the case of the Trapezoidal Rule, we begin with a result 
from advanced calculus, which says that if f” is continuous on the interval [ a, b], then 


b 
[ toa 7- 45* Pou 
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for some number c between a and b. Thus, as Ax approaches zero, the error defined by 
__ b = . fl 2 
Er _ 12 f (c)(Ax) 


approaches zero as the square of Ax. 
The inequality 


b-a 
12 


|E7| = max|f"(x)|(Ax)?, 

where max refers to the interval [a,b], gives an upper bound for the magnitude of the 
error. In practice, we usually cannot find the exact value of max| f')| and have to esti- 
mate an upper bound or “worst case” value for it instead. If Mis any upper bound for the 
values of | f”(x)| on [a,b], so that |f’(x)| < M on [a,b], then 


|E7| = p 


=e , 
D M(Ax)?. 


If we substitute (b — a)/n for Ax, we get 


To estimate the error in Simpson’s Rule, we start with a result from advanced calculus 
that says that if the fourth derivative f is continuous, then 
b 


fdr = 5 -2 


io Oa 


a 


for some point c between a and b. Thus, as Ax approaches zero, the error, 


b- 


me 2 Os 


Ey =-—- 


approaches zero as the fourth power of Ax. (This helps to explain why Simpson’s Rule is 
likely to give better results than the Trapezoidal Rule.) 
The inequality 


b-a 


|Es| = 180 


max| f(x)| (Ax)4, 


where max refers to the interval [a,b], gives an upper bound for the magnitude of the 
error. As with max|f”| in the error formula for the Trapezoidal Rule, we usually cannot 
find the exact value of max| F%Q)| and have to replace it with an upper bound. If M is any 
upper bound for the values of |f| on [a,b], then 


b-a 
180 


|E,| = M(Ax)‘. 


Substituting (b — a)/n for Ax in this last expression gives 


M(b -— ay 
[Es| = 180n* 


EXAMPLE 3 Find an upper bound for the error in estimating I 7 5x* dx using Simpson’s 
Rule with n = 4 (Example 2). 


Solution To estimate the error, we first find an upper bound M for the magnitude of the 
fourth derivative of f(x) = 5x* on the interval 0 = x < 2. Since the fourth derivative has 
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the constant value f(x) = 120, we take M = 120. With b — a = 2 and n = 4, the 
error estimate for Simpson’s Rule gives 


M(b-— ay 1202) 
Es < ( — Sere 
180n 180-4 12 
This estimate is consistent with the result of Example 2. a 


Theorem | can also be used to estimate the number of subintervals required when 
using the Trapezoidal or Simpson’s Rule if we specify a certain tolerance for the error. 


EXAMPLE 4 Estimate the minimum number of subintervals needed to approximate 
the integral in Example 3 using Simpson’s Rule with an error of magnitude less than 10~*. 


Solution Using the inequality in Theorem 1, if we choose the number of subintervals n 
to satisfy 
M(b -— ay 
180n* 


then the error E,; in Simpson’s Rule satisfies |E | < 10 as required. 
From the solution in Example 3, we have M = 120 and b — a = 2, so we want n to 


< 10%, 


satisfy 
120(2)° 
Caee 
180n* 104 
or, equivalently, 
-104 
A> 64 52 
It follows that 
1/4 
n> 1o(%) =~ 21.5 
Since n must be even in Simpson’s Rule, we estimate the minimum number of subin- 
tervals required for the error tolerance to be n = 22. a 
EXAMPLE 5 As we saw in Chapter 7, the value of In 2 can be calculated from the integral 


2 
In2 -| Loy. 
1 


Table 8.4 shows T and S values for approximations of I i (1/x) dx using various val- 
ues of n. Notice how Simpson’s Rule dramatically improves over the Trapezoidal Rule. 


TABLE 8.4 Trapezoidal Rule approximations (7,,) and Simpson’s Rule approxi- 
mations (S,) of In 2 = ji, (1/x) dx 
|Error| |Error| 
n T, less than... Sn less than... 
10 0.6937714032 0.0006242227 0.693 1502307 0.0000030502 
20 0.6933033818 0.0001562013 0.693 1473747 0.0000001942 
30 0.6932166154 0.0000694349 0.6931472190 0.0000000385 
40 0.693 1862400 0.0000390595 0.6931471927 0.0000000122 
50 0.6931721793 0.0000249988 0.6931471856 0.0000000050 
100 0.693 1534305 0.0000062500 0.6931471809 0.0000000004 


Ignored 


FIGURE 8.11 The dimensions of the 
swamp in Example 6. 
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Estimating Definite Integrals 
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In particular, notice that when we double the value of n (thereby halving the value of 
h = Ax), the T error is divided by 2 squared, whereas the S error is divided by 2 to the 
fourth. 

This has a dramatic effect as Ax = (2 — 1)/n gets very small. The Simpson approxi- 
mation for n = 50 rounds accurately to seven places and for n = 100 agrees to nine deci- 
mal places (billionths)! |_| 


If f(x) is a polynomial of degree less than four, then its fourth derivative is zero, and 


b-a 


180 


b-a 
180 


Es = PPE Age = = (O)(Ax)* = 0. 

Thus, there will be no error in the Simpson approximation of any integral of f. In other 
words, if f is a constant, a linear function, or a quadratic or cubic polynomial, Simpson’s 
Rule will give the value of any integral of f exactly, whatever the number of subdivisions. 


Similarly, if f is a constant or a linear function, then its second derivative is zero, and 


b- 


io (0)(Ax)? = 0. 


Er = -* a ‘ f(y Axy = — 


The Trapezoidal Rule will therefore give the exact value of any integral of f. This is no 
surprise, for the trapezoids fit the graph perfectly. 

Although decreasing the step size Ax reduces the error in the Simpson and Trapezoi- 
dal approximations in theory, it may fail to do so in practice. When Ax is very small, say 
Ax = 10-8, computer or calculator round-off errors in the arithmetic required to evaluate 
S and T may accumulate to such an extent that the error formulas no longer describe what 
is going on. Shrinking Ax below a certain size can actually make things worse. You should 
consult a text on numerical analysis for more sophisticated methods if you are having 
problems with round-off error using the rules discussed in this section. 


EXAMPLE 6 A town wants to drain and fill a small polluted swamp (Figure 8.11). 
The swamp averages 5 ft deep. About how many cubic yards of dirt will it take to fill the 
area after the swamp is drained? 

Solution To calculate the volume of the swamp, we estimate the surface area and multi- 


ply by 5. To estimate the area, we use Simpson’s Rule with Ax = 20 ft and the y’s equal 
to the distances measured across the swamp, as shown in Figure 8.11. 


A 
S= =F Ob + Ay, + 2y. + 4y3 + 2y4 + 4ys + Ye) 
= 9 146 + 488 + 152 + 216 + 80 + 120 + 13) = 8100 


The volume is about (8100)(5) = 40,500 ft? or 1500 yd?. o 


II. Using Simpson’s Rule 


The instructions for the integrals in Exercises 1-10 have two parts, a. Estimate the integral with n = 4 steps and find an upper 
one for the Trapezoidal Rule and one for Simpson’s Rule. bound for |Es]. 


I. Using the Trapezoidal Rule 


b. Evaluate the integral directly and find | Es). 


a. Estimate the integral with n = 4 steps and find an upper c. Use the formula (|£s| /(true value)) < 100 to express |Es| as 


bound for |E7|. 


a percentage of the integral’s true value. 


b. Evaluate the integral directly and find |E;|. 


2 3 
c. Use the formula (|| /(true value)) X 100 to express |E;| as 1. i x dx 2. i (2x — l) dx 
a percentage of the integral’s true value. 1 1 
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1 0 
x | (x? + 1) dx a | (x? — 1) dx 
-1 2 
1 
« | (3 + 1)dt 
-1 
74 
s. | ds 
5 ss = 1)? 
7 1 
9, | sin t dt 10. [on at dt 
0 0 


Estimating the Number of Subintervals 

In Exercises 11—22, estimate the minimum number of subintervals 
needed to approximate the integrals with an error of magnitude less 
than 10° by (a) the Trapezoidal Rule and (b) Simpson’s Rule. (The 
integrals in Exercises 11-18 are the integrals from Exercises 1-8.) 


2 3 
11. / x dx 12. r (2x — 1) dx 
1 1 
1 0 
13. i (x? + l)dx 14. ] (x? — 1) dx 
-i ~2 
2 1 
15. | (? + tdt 16. / (P+ Ldt 
0 -1 


| 
18. | ds 
5 se = 1)? 


3 3 
1 
19, Vx + ldx 20. 7 ——— dx 
| 0 Vx +1 
2 1 
21. : sin (x + 1)dx 22. / cos (x + 7) dx 
0 -1 


Estimates with Numerical Data 

23. Volume of water in a swimming pool A rectangular swim- 
ming pool is 30 ft wide and 50 ft long. The accompanying table 
shows the depth h(x) of the water at 5-ft intervals from one end of 
the pool to the other. Estimate the volume of water in the pool 
using the Trapezoidal Rule with n = 10 applied to the integral 


50 
V= / 30+ h(x) dx. 
0 


Position (ft) Depth (ft) Position (ft) Depth (ft) 

x h(x) x h(x) 

0 6.0 30 11.5 

5 8.2 35 11.9 
10 9.1 40 12.3 
15 9.9 45 12:7 
20 10.5 50 13.0 
25 11.0 


24. Distance traveled The accompanying table shows time-to- 
speed data for a sports car accelerating from rest to 130 mph. 
How far had the car traveled by the time it reached this speed? 
(Use trapezoids to estimate the area under the velocity curve, but 
be careful: The time intervals vary in length.) 


Speed change Time (sec) 

Zero to 30 mph 22 
40 mph 32 

50 mph 4.5 

60 mph 5.9 

70 mph 7.8 

80 mph 10.2 

90 mph 12.7 

100 mph 16.0 

110 mph 20.6 

120 mph 26.2 

130 mph 37.1 


25. Wing design The design of a new airplane requires a gasoline 
tank of constant cross-sectional area in each wing. A scale draw- 
ing of a cross-section is shown here. The tank must hold 5000 lb 
of gasoline, which has a density of 42 Ib/ft*. Estimate the length 
of the tank by Simpson’s Rule. 


me be be be 


yo = 15 ft, y, = 16ft, y= 1.8 ft, y3 = 1.9 ft, 
yg = 2.0 ft, ys =y6 = 2.1 ft Horizontal spacing = | ft 


26. Oil consumption on Pathfinder Island A diesel generator 
runs continuously, consuming oil at a gradually increasing rate 
until it must be temporarily shut down to have the filters replaced. 
Use the Trapezoidal Rule to estimate the amount of oil consumed 
by the generator during that week. 


Oil consumption rate 


Day (liters /h) 
Sun 0.019 
Mon 0.020 
Tue 0.021 
Wed 0.023 
Thu 0.025 
Fri 0.028 
Sat 0.031 
Sun 0.035 


Theory and Examples 
27. Usable values of the sine-integral function The sine-integral 
function, 


“Sine integral of x” 


28. 


29. 


30. 


31. 


is one of the many functions in engineering whose formulas can- 
not be simplified. There is no elementary formula for the antide- 
rivative of (sin f)/t. The values of Si(x), however, are readily 
estimated by numerical integration. 

Although the notation does not show it explicitly, the func- 
tion being integrated is 


FO = 


the continuous extension of (sin f)/t to the interval [ 0, x]. The 
function has derivatives of all orders at every point of its domain. 
Its graph is smooth, and you can expect good results from Simp- 
son’s Rule. 


>t 


2a 


a. Use the fact that || < 1 on [0, 7/2] to give an upper 
bound for the error that will occur if 


sil Z) = "? sin t 
Wo a : ’ Tt 


is estimated by Simpson’s Rule with n = 4. 
b. Estimate Si(a/2) by Simpson’s Rule with n = 4. 


c. Express the error bound you found in part (a) as a percentage 
of the value you found in part (b). 


The error function The error function, 


erf(x) = ae | e* dt, 
7 J0 


important in probability and in the theories of heat flow and sig- 
nal transmission, must be evaluated numerically because there is 
no elementary expression for the antiderivative of e”. 

a. Use Simpson’s Rule with n = 10 to estimate erf (1). 


b. In [0,1], 


Give an upper bound for the magnitude of the error of the 
estimate in part (a). 

Prove that the sum T in the Trapezoidal Rule for f : f(x)dx isa 
Riemann sum for f continuous on [a,b]. (Hint: Use the Inter- 
mediate Value Theorem to show the existence of c, in the subin- 
terval [x,_1, x] satisfying f(q,) = (fQq—) + f@)/2.) 

Prove that the sum S$ in Simpson’s Rule for J. 7 f(x)dx is a 
Riemann sum for f continuous on [ a, b]. (See Exercise 29.) 


Elliptic integrals The length of the ellipse 


2 2, 
ae 
a b 
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turns out to be 
1/2 
Length = taf V1 — e? cos’ tdt, 
0 


where e = Va’ — b’/a is the ellipse’s eccentricity. The integral 

in this formula, called an elliptic integral, is nonelementary 

except when e = Oor 1. 

a. Use the Trapezoidal Rule with n = 10 to estimate the length 
of the ellipse when a = 1 and e = 1/2. 

b. Use the fact that the absolute value of the second derivative 
of f(t) = V1 — e* cos’ ris less than | to find an upper 


bound for the error in the estimate you obtained in part (a). 


Applications 


32, 


34. 


The length of one arch of the curve y = sin x is given by 


7 
L -f V1 + cos? x dx. 
0 


Estimate L by Simpson’s Rule with n = 8. 


. Your metal fabrication company is bidding for a contract to make 


sheets of corrugated iron roofing like the one shown here. The 
cross-sections of the corrugated sheets are to conform to the curve 


30 
20° 
If the roofing is to be stamped from flat sheets by a process that 
does not stretch the material, how wide should the original mate- 
rial be? To find out, use numerical integration to approximate the 
length of the sine curve to two decimal places. 


y = sin 0 =x = 20in. 


Original sheet y 


Corrugated sheet 


0 


= Pe 20 
y = sin55% 


x (in.) 


Your engineering firm is bidding for the contract to construct the 
tunnel shown here. The tunnel is 300 ft long and 50 ft wide at the 
base. The cross-section is shaped like one arch of the curve 
y = 25 cos (7x/50). Upon completion, the tunnel’s inside sur- 
face (excluding the roadway) will be treated with a waterproof 
sealer that costs $2.35 per square foot to apply. How much will it 
cost to apply the sealer? (Hint: Use numerical integration to find 
the length of the cosine curve.) 


y y = 25 cos (77x/50) 


25 


x (ft) 
NOT TO SCALE 
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Find, to two decimal places, the areas of the surfaces generated by 


revolving the curves in Exercises 35 and 36 about the x-axis. 
35. y=sinx, O=x=7 

36. y= x°/4, OSxS2 

37. Use numerical integration to estimate the value of 


0.6 
dx 


sin! 0.6 = ——— 
0 VI-x 


For reference, sin”! 0.6 = 0.64350 to five decimal places. 


38. Use numerical integration to estimate the value of 


1 
naa 1 ae. 
9 L+x 


8 ° 8 Improper Integrals 


39. 


40. 


Drug assimilation An average adult under age 60 years assimi- 
lates a 12-hr cold medicine into his or her system at a rate modeled by 
dy 
dt 


= 6 — In(2r? — 3t + 3), 


where y is measured in milligrams and f is the time in hours since 
the medication was taken. What amount of medicine is absorbed 
into a person’s system over a 12-hr period? 


Effects of an antihistamine The concentration of an antihista- 
mine in the bloodstream of a healthy adult is modeled by 


C = 12.5 — 4In(f? — 3¢ + 4), 


where C is measured in grams per liter and f is the time in hours 
since the medication was taken. What is the average level of con- 
centration in the bloodstream over a 6-hr period? 


Up to now, we have required definite integrals to have two properties. First, the domain of 


Ne 


integration [a,b] must be finite. Second, the range of the integrand must be finite on this 


02 y= ine domain. In practice, we may encounter problems that fail to meet one or both of these con- 


0.1 


! ! >x 


i) 
= 
ie) 
w 
pas 
wn 
fon 


ditions. The integral for the area under the curve y = (In x)/x? from x = 1 to x = 00 is 
an example for which the domain is infinite (Figure 8.12a). The integral for the area under 
the curve of y = 1/ Vx between x = 0 and x = 1 is an example for which the range of 
the integrand is infinite (Figure 8.12b). In either case, the integrals are said to be improper 
and are calculated as limits. We will see in Section 8.9 that improper integrals play an 


(a) important role in probability. They are also useful when investigating the convergence of 
certain infinite series in Chapter 10. 


(b) 8.13b). 


FIGURE 8.12 Are the areas under these 
infinite curves finite? We will see that the 
answer is yes for both curves. 


Consider the infinite region (unbounded on the right) that lies under the curve y = e~*/ 
the first quadrant (Figure 8.13a). You might think this region has infinite area, but we will 
see that the value is finite. We assign a value to the area in the following way. First find the 
area A(b) of the portion of the region that is bounded on the right by x = b (Figure 


Infinite Limits of Integration 


2 in 


b b 
A(b) = i er? dx = —2e*P | = 2%? + 2 
0 


0 


Then find the limit of A(b) as b 00 


lim A(b) = Jim (—2e7»/? + 2) = 2. 


b-0o 


The value we assign to the area under the curve from 0 to © is 


i 


b 
e*/? dx = lim | el? dx = 2, 
0 


b—-oo 


>< 


Area = 2 


(a) 


y 
rN 


Area = —2e74/2 4.2 


(b) 


FIGURE 8.13 (a) The area in the first 
quadrant under the curve y = e/?, 


(b) The area is an improper integral of the 


first type. 
y 
A» 
02+ y= nx 
52 
O.1F 
> X 


FIGURE 8.14 The area under this curve 
is an improper integral (Example 1). 
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DEFINITION Integrals with infinite limits of integration are improper inte- 
grals of Type I. 


1. If f(x) is continuous on [a, Co), then 


oo b 
/ f(x) dx = sim. | f(x) dx. 


2. If f(x) is continuous on (—©9, b ], then 


b b 
i f(x) dx = tim, | f@) dx. 


3. If f(x) is continuous on (—0d, 00), then 


/ faar= [ foyar+ [ f(x) dx, 


where c is any real number. 


In each case, if the limit is finite we say that the improper integral converges and 
that the limit is the value of the improper integral. If the limit fails to exist, the 


improper integral diverges. 


It can be shown that the choice of c in Part 3 of the definition is unimportant. We can 
evaluate or determine the convergence or divergence of if oe f(x) dx with any convenient 
choice. 

Any of the integrals in the above definition can be interpreted as an area if f = 0 on 
the interval of integration. For instance, we interpreted the improper integral in Figure 8.13 
as an area. In that case, the area has the finite value 2. If f = O and the improper integral 
diverges, we say the area under the curve is infinite. 


EXAMPLE 1 Is the area under the curve y = (In x)/x* from x = 1 to x = O° finite? 
If so, what is its value? 


Solution We find the area under the curve from x = 1 to x = b and examine the limit 
as b — oo. If the limit is finite, we take it to be the area under the curve (Figure 8.14). The 
area from | to Dis 


Integration by parts with 


b ; b 
Inx _ 1 1 1 u = Inx, dv = dx/x’, 
| x2 dx = Cc o( +) i) ( 1)(1) dx du = dx/x,v = —1/x 


T 
] 
o|E 

= 
| 
| es | 
/— 
—! 
Ls a 
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The limit of the area as b — 00 is 


*° iInx : in x 
— ax lim —; dx 
1 x 


1/b 
= lim +1=0+1=1. l’H6pital’s Rule 
Thus, the improper integral converges and the area has finite value 1. a 


EXAMPLE 2 Evaluate 


Solution According to the definition (Part 3), we can choose c = 0 and write 


HISTORICAL BIOGRAPHY 

Lejeune Dirichlet io) : 0 fo) 

(1805-1859) / a / as / ao 
epg lae x 3 LE & 9 1+x 


Next we evaluate each improper integral on the right side of the equation above. 


0 0 
dx _ ,. dx 
= lim 
po lt x%  ae-w qg It x? 


0 
= lim tan! x 
da 


a——Co 


= lim (tan! 0 — tan"'a) = 0 ( z) —— 


2 
. dx _,. > dx 
= lim 
g Lee -bewsfg le xe 


b 
= lim tan! :| 
b-oo 0 


= jj -1p —tan!0) =Z-o0=2 
im, (tan™’ b — tan~™ 0) 5) 0) 5) 


Thus, 


* dx Tv ) 7 
| peacd+deo 


FIGURE 8.15 The areaunder this curve Since 1/(1 + x?) > 0, the improper integral can be interpreted as the (finite) area beneath 
is finite (Example 2). the curve and above the x-axis (Figure 8.15). | 


NOT TO SCALE 


Area = 2 — wa 


> X 


FIGURE 8.16 The area under this curve 
is an example of an improper integral of 
the second kind. 
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° dx 
The Integral | = 
1 x? 


The function y = 1/x is the boundary between the convergent and divergent improper 
integrals with integrands of the form y = 1/x”. As the next example shows, the improper 
integral converges if p > 1 and diverges if p = 1. 


EXAMPLE 3 For what values of p does the integral if i. dx/x? converge? When the 
integral does converge, what is its value? 


Solution If p ~ 1, 


Thus, 
[4 _ U7 
; XP p-s00 1 xP 
1 
a > 1 
= lim F 2 (4 ) p-1 . 
ai P oo, p<il 
because 
. 1 {° p>t1 
lim ~~ = 
boo bP oo, p<. 


Therefore, the integral converges to the value 1/(p — 1) if p > 1 and it diverges if 
p<. 
If p = 1, the integral also diverges: 


1 xP 1 - 


II 
=n 
= 
5 
tad 
| 
> 


jim (dn b = In 1) = 00, = 


Integrands with Vertical Asymptotes 


Another type of improper integral arises when the integrand has a vertical asymptote—an 
infinite discontinuity—at a limit of integration or at some point between the limits of inte- 
gration. If the integrand f is positive over the interval of integration, we can again interpret 
the improper integral as the area under the graph of f and above the x-axis between the 
limits of integration. 

Consider the region in the first quadrant that lies under the curve y = 1/ Vx from 
x = Oto x = 1| (Figure 8.12b). First we find the area of the portion from a to | (Figure 8.16): 


a 1 
* =2-2V4a. 


aad 


a 
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Then we find the limit of this area as a—> 0°: 


1 
im. [ i lim (2 — 2Va) = 2. 


a>0* 


Therefore the area under the curve from 0 to | is finite and is defined to be 


DEFINITION Integrals of functions that become infinite at a point within the 
interval of integration are improper integrals of Type II. 


1. If f(x) is continuous on (a, b] and discontinuous at a, then 


b b 
|v dx = tim [ fQ) dx. 


2. If f(x) is continuous on [ a, b) and discontinuous at b, then 


b c 
/ f(x) dx = tim [ f(x) dx. 


3. If f(x) is discontinuous at c, where a <c <b, and continuous on 
[a,c) U(c, b], then 


b c b 
J toa= f sora f(x) dx. 


In each case, if the limit is finite we say the improper integral converges and that 
the limit is the value of the improper integral. If the limit does not exist, the inte- 
gral diverges. 


In Part 3 of the definition, the integral on the left side of the equation converges if both 


integrals on the right side converge; otherwise it diverges. 


t 1 
a ~ 1% 
EXAMPLE 4 Investigate the convergence of 
| 
i I- dx. 
j x 
: Solution The integrand f(x) = 1/(1 — x) is continuous on [ 0, 1) but is discontinuous 
at x = | and becomes infinite as x > 1” (Figure 8.17). We evaluate the integral as 
by b 
7 oa >Xx sim f i ae = Jim | In |1 I 


FIGURE 8.17 The area beneath the ~ im [—In (1 — 5) + 0] = 0%, 


curve and above the x-axis for [ 0, 1) is 
not a real number (Example 4). The limit is infinite, so the integral diverges. 


> X 


0 b c 3 
—> |< 


FIGURE 8.18 Example 5 shows that the 
area under the curve exists (so it is a real 
number). 
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EXAMPLE 5 Evaluate 


[ dx 
0 aw 17/3" 


Solution The integrand has a vertical asymptote at x = | and is continuous on [0, 1) 
and (1, 3] (Figure 8.18). Thus, by Part 3 of the definition above, 


‘i dx -{ dx +f dx 
ea dy GHD ea 


Next, we evaluate each improper integral on the right-hand side of this equation. 


ie dx =e [ dx 
7 GH 1? Erp. Ga 1" 


b 


= _— 41/3 
jim 3¢ 1) I 


= jim [3 — 117 +3] =3 


fete als 
1@- D8 ot @— pe 


= jim, 3(x — ve] 


c 


= Im [36 - 1)" - 3¢- 0" ] =3V2 


We conclude that 


3 
dx 
| qo pe = 34+ 372. | 
Improper Integrals with a CAS 


Computer algebra systems can evaluate many convergent improper integrals. To evaluate 


the integral 
ee So ee 
dx 
[ (x — 1)(x? + (x — DO? + 1) 


(which converges) using Maple, enter 
= f= Gr DK = Da + 1), 
Then use the integration command 
> int(f, x = 2..infinity); 


Maple returns the answer 


aha + In (5) + arctan (2). 


To obtain a numerical result, use the evaluation command evalf and specify the num- 
ber of digits as follows: 


> evalf(%, 6); 
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FIGURE 8.19 The graph of e~ lies 
below the graph of e“* for x > 1 
(Example 6). 


The symbol % instructs the computer to evaluate the last expression on the screen, in this 
case (—1/2)a + In (5) + arctan (2). Maple returns 1.14579. 
Using Mathematica, entering 


In [1] = Integrate [(x + 3)/((x — 1)(x*2 + 1)), {x, 2, Infinity } ] 


returns 


Out [1]= —" + ArcTan [2] + Log [5]. 


To obtain a numerical result with six digits, use the command “N[ %, 6]”; it also yields 
1.14579. 


Tests for Convergence and Divergence 


When we cannot evaluate an improper integral directly, we try to determine whether it 
converges or diverges. If the integral diverges, that’s the end of the story. If it converges, 
we can use numerical methods to approximate its value. The principal tests for conver- 
gence or divergence are the Direct Comparison Test and the Limit Comparison Test. 


EXAMPLE 6 Does the integral 7 7 e~ dx converge? 


me b 
e*~ dx = lim e* dx. 
I b-0o 1 


We cannot evaluate this integral directly because it is nonelementary. But we can show 
that its limit as b — 0 is finite. We know that oh e* dx is an increasing function of b. 
Therefore either it becomes infinite as b 0 or it has a finite limit as b — ov. It does 
not become infinite: For every value of x = 1, we have e* 2 e* (Figure 8.19) so 
that 


Solution By definition, 


b b 
i ev dx = | etdx =—-e’ +e! <e! = 0.36788. 
1 1 


Hence, 


ee b 
e* dx = lim e~* dx 
I b->oo 1 


converges to some definite finite value. We do not know exactly what the value is except 
that it is something positive and less than 0.37. Here we are relying on the completeness 
property of the real numbers, discussed in Appendix 6. i 


The comparison of e* and e* in Example 6 is a special case of the following test. 


THEOREM 2—Direct Comparison Test Let f and g be continuous on [ a, ©) 
with 0 = f(x) = g(x) forall x = a. Then 


1. / fx)dx converges if / g(x) dx converges. 


2. / g(x) dx diverges if / f(x) dx diverges. 


HISTORICAL BIOGRAPHY 
Karl Weierstrass 


(1815-1897) 
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Proof The reasoning behind the argument establishing Theorem 2 is similar to that in 
Example 6. If 0 = f(x) = g(x) for x = a, then from Rule 7 in Theorem 2 of Section 5.3 


we have 


b b 
/ f(x) dx =| g(x) dx, b> a. 


From this it can be argued, as in Example 6, that 


/ fQ) dx converges if / g(x) dx converges. 


Turning this around says that 


7 g(x) dx diverges if / f(x) dx diverges. 


Although the theorem is stated for Type I improper integrals, a similar result is true 


for integrals of Type II as well. 


EXAMPLE 7 These examples illustrate how we use Theorem 2. 


(a) / a dx converges because 
1 x 
sin? x _ 1 ae 
Os ==> on [1,0) and = dx converges. Example 3 
x? ae i 
(b) — dx diverges because 
1 2— 0,1 
—— “I 
2; on [1,°) and zx diverges. Example 3 
x2 — 0.1 1 
r/2 
cos x 
(c) ——— dx converges because 
0 Vx 
cos x 1 7 
Os =—= on [lo } 
Vx Vx 2 


and 


i a tin ij ede 
0 Vx 20'J, Vx 
a/2 

= lim V4x | Wx = Vax 


a>0* 


lim (V2 = V4a) = V20 converges. 
a H 


THEOREM 3—Limit Comparison Test If the positive functions f and g are con- 
tinuous on [ a, CO), and if 


FQ) _ 


yoo (x) 


/ f(x) dx and / g(x) dx 


both converge or both diverge. 


L, 0<L<M, 


then 
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FIGURE 8.20 The functions in 


Example 8. 
TABLE 8.5 
b 
1 -—e™* 
b f —y, — & 
1 
0.5226637569 
5 1.3912002736 
10 2.0832053156 
100 4.38578625 16 
1000 6.68837 13446 
10000 8.9909564376 
100000 11.2935415306 


We omit the proof of Theorem 3. 
Although the improper integrals of two functions from a to CO may both converge, 


this does not mean that their integrals necessarily have the same value, as the next example 
shows. 


EXAMPLE 8 Show that 


°° dx 
1 1 + x 


converges by comparison with [ ‘a (1/x?)dx. Find and compare the two integral values. 


Solution The functions f(x) = 1/x? and g(x) = 1/(1 + x’) are positive and continu- 
ous on [ 1, 00). Also, 


li ae . lt+x 
rng) mol/l +x) x0 2 


= tim (441)=0+1=1 
Xx 


x00 


dx 
1+ x 


a positive finite limit (Figure 8.20). Therefore, if converges because | a 
1 x 


1 
converges. 


The integrals converge to different values, however: 


=1 Example 3 


and 


. dx __. > dx 
= lim 
1 1 + x b->00 1 1 + x2 


= i -1 — tan7! ieee 
Jim, [tan! b — tan! 1] aa 


EXAMPLE 9 Investigate the convergence of | ! — dx. 
T 


Solution The integrand suggests a comparison of f(x) = (1 — e™*)/x with g(x) = 1/x. 
However, we cannot use the Direct Comparison Test because f(x) = g(x) and the integral 
of g(x) diverges. On the other hand, using the Limit Comparison Test we find that 


im = lim (: = =) (2) =i one, 


— e* 
X 


dx diverges because i a 


CO 
which is a positive finite limit. Therefore, 7 : 
1 1 


diverges. Approximations to the improper integral are given in Table 8.5. Note that the 
values do not appear to approach any fixed limiting value as b — 00, a 


Exercises 


Evaluating Improper Integrals 
The integrals in Exercises 1-34 converge. Evaluate the integrals with- 
out using tables. 


=~ 
i. 8 
Ne 

+|2 
N 
——— 
+. 8 
B/S 


3 dx 4 dx 
0 Vx 0 V4-x 
: dx : dx 
5 7 ey) 6. 7 WB 
7 ' dx 8 re dr 
a ae 9 1099 
9 / 2 dx 10 a 2 dx 
_~ 2-1 J oo e+ 4 
i. hs 2 wy 12. | oa 
vv gf = 1 
. 2x dx " x dx 
13. aa ae 14. = Ce 
fa (x? + 1)? a (x? + 4)3/? 
ef ae ie cone 
0 ~ + Ta 0 V4 —- 34 
17. | 18. f a Sai 
o (+ ara pave —1 
19. i 20 f Sata 
9 I +uv)(1t+tartv) “fy 1+x 
0 foe) 
21. /. 6e® do 2, | 2e° sin 6 dé 
0 
23. [ el dx 24. ‘2 2xe™ dx 
a a 
25. frnca 26. [cma 
0 0 
27 [Ss 28 '4rdr_ 
0 V4— 37 0 V1l-+4r 
. Is : dt 
29. —— 30. p= 
[45 ,tVPA-4 


4 vi 
dx dx 
31. / 32. (go 
-aV |x| 0 Vix - II 


dé dx 
33. a 34, ——. 
oe re | wits 


Testing for Convergence 

In Exercises 35-64, use integration, the Direct Comparison Test, or 
the Limit Comparison Test to test the integrals for convergence. If 
more than one method applies, use whatever method you prefer. 


m/2 0/2 
35. : tan 6 d0 36. / cot 0 dé 
0 0 


1 
37. 7 Oe ay 
0 x 
In2 
39. i) xe /* dy 
0 
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7 1 
41. y _ dt 2. | dt ; (Hint: t = sint for t = 0) 
0 Vi + sint t— sin 
2 2 
43. / at 44. / a 
»l-x oi-x 


1 1 
45. / In |x| dx 46. / —xIn |x| dx 
-1 -1 


* 1x dx 
47. 4 48. 
| e+ 4 Vx-1 
~ dv * do 
49. i) — = 50. i 
2 Vv-1 9 1+ e? 
51 [as 52. [as cs 
0 Vx8 +1 2 Vx - 1 
53 [ee 54. [as x dx 
1 5 2 Vx - 1 
55. i) bom OS x 56. / eae: se dk 
7 7 x 
57. i aa 58. | | ay 
4 p/2 — | >, nx 
59. ‘ < dx 60. / In (In x) dx 
1 e 
61. / a | oe 
1 e-—x 1 e 2 


3. | ee os. | ea 
coo Vx4 + 1 0 +e 


Theory and Examples 
65. Find the values of p for which each integral converges. 


. : dx b i dx 
~ J, «(in x)? “J, x(n x)? 


66. f ne f(x) dx may not equal jim f . f(x)dx Show that 
—>00 


foe) 
| 2x dx 
9 etl 


diverges and hence that 


Exercises 67-70 are about the infinite region in the first quadrant 
between the curve y = e™ and the x-axis. 


67. Find the area of the region. 
68. Find the centroid of the region. 


69. Find the volume of the solid generated by revolving the region 
about the y-axis. 


514 


70 


71. 


72. 


73. 


74. 


75. 
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. Find the volume of the solid generated by revolving the region 
about the x-axis. 


Find the area of the region that lies between the curves y = sec x 
and y = tanx from x = 0 tox = 7/2. 


The region in Exercise 71 is revolved about the x-axis to generate 
a solid. 


a. Find the volume of the solid. 


b. Show that the inner and outer surfaces of the solid have infi- 
nite area. 


Evaluate the integrals. 
1 
i dt 
a. oe 
o Vil +a 


Evaluate / pa ae 
3 xV2— 9 


Estimating the value of a convergent improper integral whose 
domain is infinite 


ee dt 
b. —"— 
i Vil +h 


a. Show that 
| e* dx = 3° < 0.000042, 
3 


and hence that f ,e* dx < 0.000042. Explain why this 


means that 1 ee dx can be replaced by i nem dx without 
introducing an error of magnitude greater than 0.000042. 


T|b. Evaluate i . é~* dx numerically. 


76. 


The infinite paint can or Gabriel’s horn As Example 3 shows, 
the integral 7. , (dx/x) diverges. This means that the integral 


anne i Pree 
2a =,/1 + — dx, 
[2s ie 


which measures the surface area of the solid of revolution traced 
out by revolving the curve y = 1/x,1 < x, about the x-axis, 
diverges also. By comparing the two integrals, we see that, for 
every finite value b > 1, 


b b 
1 | i| 1 
[23 1+ Jde> 20 f xy. 


fs 


for the volume of the solid converges. 


a. Calculate it. 


b. This solid of revolution is sometimes described as a can that 
does not hold enough paint to cover its own interior. Think 


about that for a moment. It is common sense that a finite 
amount of paint cannot cover an infinite surface. But if we fill 
the horn with paint (a finite amount), then we will have cov- 
ered an infinite surface. Explain the apparent contradiction. 


77. Sine-integral function The integral 


0 


called the sine-integral function, has important applications in 

optics. 

a. Plot the integrand (sin r)/t for t > 0. Is the sine-integral 
function everywhere increasing or decreasing? Do you think 
Si (x) = 0 for x > 0? Check your answers by graphing the 
function Si (x) for O = x S 25. 


b. Explore the convergence of 


co . 
sin t 
[ota 
0 


If it converges, what is its value? 


78. Error function The function 


x _2 
2er 


0 Va 


called the error function, has important applications in probabil- 
ity and statistics. 


erf(x) = dt, 


a. Plot the error function for 0 = x = 25. 


b. Explore the convergence of 


oO _2 
2e7 


0 Va 


If it converges, what appears to be its value? You will see 
how to confirm your estimate in Section 15.4, Exercise 41. 


dt. 


79. Normal probability distribution The function 


1 


oV 27 


ol)? 


fQ) = 


is called the normal probability density function with mean ps and 
standard deviation o. The number yp tells where the distribution 
is centered, and o measures the “scatter” around the mean. (See 
Section 8.9.) 

From the theory of probability, it is known that 


; f@)dx = 1. 


In what follows, let u = 0 anda = 1. 


a. Draw the graph of f. Find the intervals on which f is increas- 
ing, the intervals on which f is decreasing, and any local 
extreme values and where they occur. 


/ f(x) dx 


b. Evaluate 


for n = 1, 2, and 3. 


c. Give a convincing argument that 


7 fldx = 1. 
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COMPUTER EXPLORATIONS 

In Exercises 81-84, use a CAS to explore the integrals for various 
values of p (include noninteger values). For what values of p does the 
integral converge? What is the value of the integral when it does con- 


(Hint: Show that 0 < f(x) < e~/? for x > 1, and for b > 1, verge? Plot the integrand for various values of p. 
e oo 
= _ 81. i x? In x dx 82. q x? In x dx 
ev2dx—>0 as b—-00,) ij ‘ 
b foe) co 
80. Show that if f(x) is integrable on every interval of real numbers 83. x? In x dx 84. x? In |x| dx 
f g y 
and a and b are real numbers with a < b, then 0 =e 
a. an f(x) dx and Fi Me f(x) dx both converge if and only if Use a CAS to evaluate the integrals. 
2/r 2/ 
b 
i f(x) dx and i f(x) dx both converge. 85. i sin ; dx 86. i x sin i dx 
0 0 


b. [ofadet [tod de = [Oo fede t SP 0) de 


when the integrals involved converge. 


8 ° 9 Probability 


The outcome of some events, such as a heavy rock falling from a great height, can be mod- 
eled so that we can predict with high accuracy what will happen. On the other hand, many 
events have more than one possible outcome and which one of them will occur is uncer- 
tain. If we toss a coin, a head or a tail will result with each outcome being equally likely, 
but we do not know in advance which one it will be. If we randomly select and then weigh 
a person from a large population, there are many possible weights the person might have, 
and it is not certain whether the weight will be between 180 and 190 Ib. We are told it is 
highly likely, but not known for sure, that an earthquake of magnitude 6.0 or greater on the 
Richter scale will occur near a major population area in California within the next one 
hundred years. Events having more than one possible outcome are probabilistic in nature, 
and when modeling them we assign a probability to the likelihood that a particular out- 
come may occur. In this section we show how calculus plays a central role in making pre- 
dictions with probabilistic models. 


Random Variables 


We begin our discussion with some familiar examples of uncertain events for which the 
collection of all possible outcomes is finite. 


EXAMPLE 1 


(a) If we toss a coin once, there are two possible outcomes {H, T}, where H represents 
the coin landing head face up and T a tail landing face up. If we toss a coin three times, 
there are eight possible outcomes, taking into account the order in which a head or tail 
occurs. The set of outcomes is {HHH, HHT, HTH, THH, HTT, THT, TTH, TTT}. 


(b) If we roll a six-sided die once, the set of possible outcomes is { 1, 2, 3, 4,5, 6} repre- 
senting the six faces of the die. 


(c) If we select at random two cards from a 52-card deck, there are 52 possible outcomes 
for the first card drawn and then 51 possibilities for the second card. Since the 
order of the cards does not matter, there are (52+51)/2 = 1,326 possible outcomes 
altogether. | 


It is customary to refer to the set of all possible outcomes as the sample space for an 
event. With an uncertain event we are usually interested in which outcomes, if any, are 
more likely to occur than others, and to how large an extent. In tossing a coin three times, 
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is it more likely that two heads or that one head will result? To answer such questions, we 
need a way to quantify the outcomes. 


DEFINITION A random variable is a function X that assigns a numerical 
value to each outcome in a sample space. 


Random variables that have only finitely many values are called discrete random 
variables. A continuous random variable can take on values in an entire interval, and it is 
associated with a distribution function, which we explain later. 


EXAMPLE 2 


(a) Suppose we toss a coin three times giving the possible outcomes { HHH, HHT, HTH, 
THH, HTT, THT, TTH, TTT}. Define the random variable X to be the number of 
heads that appear. So X(HHT) = 2, X(THT) = 1, and so forth. Since X can only 
assume the values 0, 1, 2, or 3, it is a discrete random variable. 


(b) We spin an arrow anchored by a pin located at the origin. The arrow can wind up 
pointing in any possible direction and we define the random variable X as the radian 
angle the arrow makes with the positive x-axis, measured counterclockwise. In this 
case, X is a continuous random variable that can take on any value in the interval 
[ 0, 27r). 

(c) The weight of a randomly selected person in a given population is a continuous ran- 
dom variable W. The cholesterol level of a randomly chosen person, and the waiting 
time for service of a person in a queue at a bank, are also continuous random vari- 
ables. 


(d) The scores on the national ACT Examination for college admissions in a particular 
year are described by a discrete random variable S taking on integer values between 
1 and 36. If the number of outcomes is large, or for reasons involving statistical analy- 
sis, discrete random variables such as test scores are often modeled as continuous 
random variables (Example 13). 


(e) We roll a pair of dice and define the random variable X to be the sum of the numbers 
on the top faces. This sum can only assume the integer values from 2 through 12, so X 
is a discrete random variable. 


(f) A tire company produces tires for mid-sized sedans. The tires are guaranteed to last 
for 30,000 miles, but some will fail sooner and some will last many more miles 
beyond 30,000. The lifetime in miles of a tire is described by a continuous random 
variable L. a 


Probability Distributions 


A probability distribution describes the probabilistic behavior of a random variable. Our 
chief interest is in probability distributions associated with continuous random variables, 
but to gain some perspective we first consider a distribution for a discrete random variable. 

Suppose we toss a coin three times, with each side H or T equally likely to occur on a 
given toss. We define the discrete random variable X that assigns the number of heads 
appearing in each outcome, giving 


{ HHH, HHT, HTH, HTT, THH, THT, TTH, TIT} 
x 1 dbs boy bod 
5 2 2 f 2 F 1 


Next we count the frequency or number of times a specific value of X occurs. Because 
each of the eight outcomes is equally likely to occur, we can calculate the probability of 


> 


ole BIR lw 


a a a a 


FIGURE 8.21 Probability bar graph for 
the random variable X when tossing a fair 
coin three times. 


y =f) 


c d 


d 
P(c<X<d) a f(X) dX 


FIGURE 8.22 A probability density 
function for the continuous random 
variable X. 
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the random variable X by dividing the frequency of each value by the total number of out- 
comes. We summarize our results as follows: 


Value of X 0 1 2 3 
Frequency 1 3 3 1 
P(X) 1/8 3/8 3/8 1/8 


We display this information in a probability bar graph of the discrete random variable 
X, as shown in Figure 8.21. The values of X are portrayed by intervals of length 1 on the 
x-axis so the area of each bar in the graph is the probability of the corresponding outcome. 
For instance, the probability that exactly two heads occurs in the three tosses of the coin is 
the area of the bar associated with the value X = 2, which is 3/8. Similarly, the probability 
that two or more heads occurs is the sum of areas of the bars associated with the values 
X = 2 and X = 3, or 4/8. The probability that either zero or three heads occurs is 
t oa 3 = a and so forth. Note that the total area of all the bars in the graph is 1, which is 
the sum of all the probabilities for X. 

With a continuous random variable, even when the outcomes are equally likely, we 
cannot simply count the number of outcomes in the sample space or the frequencies of 
outcomes that lead to a specific value of X. In fact, the probability that X takes on any par- 
ticular one of its values is zero. What is meaningful to ask is how probable it is that the 
random variable takes on a value within some specified interval of values. 

We capture the information we need about the probabilities of X in a function whose 
graph behaves much like the bar graph in Figure 8.21. That is, we take a nonnegative func- 
tion f defined over the range of the random variable with the property that the total area 
beneath the graph of f is 1. The probability that a value of the random variable X lies 
within some specified interval [c, d] is then the area under the graph of f over that inter- 
val. The following definition assumes the range of the continuous random variable X is 
any real value, but the definition is general enough to account for random variables having 
a range of finite length. 


DEFINITIONS A probability density function for a continuous random vari- 
able is a function f defined over (—°%, ©) and having the following properties: 
1. f is continuous, except possibly at a finite number of points. 


2. f is nonnegative, so f = 0. 


| f(x)dx = 1. 


If X is a continuous random variable with probability density function f, the 
probability that X assumes a value in the interval between X = c and X = d is 
the area integral 


d 
Pee =X=d)= i f(x) dx. 


We note that the probability a continuous random variable X assumes a particular real 
value c is P(X = c) = [ _f(X) dX = 0, consistent with our previous assertion. Since the 
area under the graph of f over the interval [ c, d] is only a portion of the total area beneath 
the graph, the probability P(¢ = X =< d) is always a number between zero and one. Fig- 
ure 8.22 illustrates a probability density function. 

A probability density function for a random variable X resembles the density function 
for a wire of varying density. To obtain the mass of a segment of the wire, we integrate the 
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density of the wire over an interval. To obtain the probability that a random variable has val- 
ues in a particular interval, we integrate the probability density function over that interval. 


EXAMPLE 3 Let f(x) = 2e > if 0 S x < Cand f(x) = 0 forall negative values of x. 


(a) Verify that f is a probability density function. 


(b) The time 7 in hours until a car passes a spot on a remote road is described by the 
probability density function f. Find the probability P(T = 1) that a hitchhiker at that 
spot will see a car within one hour. 


(c) Find the probability P(T = 1) that a car passes by the spot after precisely one hour. 


Solution 
(a) The function f is continuous except at x = 0, and is everywhere nonnegative. More- 
over, 


lee) [eve] b 
/ fa)dx = / 26 dx = Jim / 267% dx = Jim (1-e%)=1. 
—co 0 200 0 —>00 


So all of the conditions are satisfied and we have shown that f is a probability density 
function. 

(b) The probability that a car comes after a time lapse between zero and one hour is given 
by integrating the probability density function over the interval [0, 1]. So 


1 1 
PTS l= i 2e°! dT = er| =1-—e7 = 0.865. 
0 0 
This result can be interpreted to mean that if 100 people were to hitchhike at that spot, 
about 87 of them can expect to see a car within one hour. 


(c) This probability is the integral i ' f(T) dT, which equals zero. We interpret this to 
mean that a sufficiently accurate measurement of the time until a car comes by the 
spot would have no possibility of being precisely equal to one hour. It might be very 
close, perhaps, but it would not be exactly one hour. a 


We can extend the definition to finite intervals. If f is a nonnegative function with at 
most finitely many discontinuities over the interval [a,b], and its extension F to 
(—00, 00), obtained by defining F to be 0 outside of [ a, b], satisfies the definition for a 
probability density function, then f is a probability density function for [a,b]. This 
means that bi f(x) dx = 1. Similar definitions can be made for the intervals (a, b), 
(a, b], and [a, b). 


EXAMPLE 4 Show that f(x) = 5G — x) is a probability density function over 
the interval [ 0, 3]. 


Solution The function f is continuous and nonnegative over [ 0, 3 ]. Also, 


3 3 
4 5 413, ~=I14,4 4 81 
| a7 (3 — x) dx 7 E 4x I 4 (21 4 i 


We conclude that f is a probability density function over [ 0, 3]. a 


Exponentially Decreasing Distributions 


The distribution in Example 3 is called an exponentially decreasing probability density 
function. These probability density functions always take on the form 


fo) = = if x <0 


ce ifx=0 


; 0 ifx <0 
f=. 
Ole’ ifx=0 


FIGURE 8.23 An exponentially 


decreasing probability density function. 
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(see Exercise 23). Exponential density functions can provide models for describing ran- 
dom variables such as the lifetimes of light bulbs, radioactive particles, tooth crowns, and 
many kinds of electronic components. They also model the amount of time until some 
specific event occurs, such as the time until a pollinator arrives at a flower, the arrival 
times of a bus at a stop, the time between individuals joining a queue, the waiting time 
between phone calls at a help desk, and even the lengths of the phone calls themselves. A 
graph of an exponential density function is shown in Figure 8.23. 

Random variables with exponential distributions are memoryless. If we think of X as 
describing the lifetime of some object, then the probability that the object survives for at 
least s + ft hours, given that it has survived rf hours, is the same as the initial probability 
that it survives for at least s hours. For instance, the current age ¢ of a radioactive particle 
does not change the probability that it will survive for at least another time period of 
length s. Sometimes the exponential distribution is used as a model when the memoryless 
principle is violated, because it provides reasonable approximations that are good enough 
for their intended use. For instance, this might be the case when predicting the lifetime of 
an artificial hip replacement or heart valve for a particular patient. Here is an application 
illustrating the exponential distribution. 


EXAMPLE 5 ~~ Anelectronics company models the lifetime T in years of a chip they 
manufacture with the exponential density function 

0 if7T<0 

= ee at T=, 


Using this model, 


(a) Find the probability P(T > 2) that a chip will last for more than two years. 
(b) Find the probability P(4 = T = 5) that a chip will fail in the fifth year. 


(c) If 1000 chips are shipped to a customer, how many can be expected to fail within 
three years? 


Solution 
(a) The probability that a chip lasts at least two years is 


oo b 
P(T > 2) - | 0.1e°!? dT = tim, | O0.1e°!" aT 
2 ideas £0) 


= lim [e°? — £5] = 6%? = 0.819. 


b->0oo 


That is, about 82% of the chips last more than two years. 
(b) The probability is 


5 5 
P4ésTs5)= : 0.le°!" dT = -e0 = ¢ 94 — 695 = 0.064 
4 4 


which means that about 6% of the chips fail during the fifth year. 
(c) We want the probability 


3 


0 


We can expect that about 259 of the 1000 chips will fail within three years. O 


Expected Values, Means, and Medians 


Suppose the weight in lbs of a steer raised on a cattle ranch is a continuous random variable 
W with probability density function f(W) and that the rancher can sell a steer for g(W) 
dollars. How much can the rancher expect to earn for a randomly chosen steer on the ranch? 
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To answer this question, we consider a small interval [| W;, W4,] of width AW, and 
note that the probability a steer has weight in this interval is 
Wisi 
f(W) dW = f(W) AW,. 
W, 


i 


The earning on a steer in this interval is approximately g(W,). The Riemann sum 
> s(W,) FW) AW, 


then approximates the amount the rancher would receive for a steer. We assume that steers 
have a maximum weight, so f is zero outside some finite interval [ 0, b]. Then taking the 
limit of the Riemann sum as the width of each interval approaches zero gives the integral 


/ g(W) f(W) dW. 


This integral estimates how much the rancher can expect to earn for a typical steer on the 
ranch and is the expected value of the function g. 

The expected values of certain functions of a random variable X have particular 
importance in probability and statistics. One of the most important of these functions is 
the expected value of the function g(X) = X. 


DEFINITION The expected value or mean of a continuous random variable X 
with probability density function f is the number 


w= EX) = / Xf(X) dx. 


The expected value E(X) can be thought of as a weighted average of the random vari- 
able X, where each value of X is weighted by f(X). The mean can also be interpreted as 
the long-run average value of the random variable X, and it is one measure of the centrality 
of the random variable X. 


EXAMPLE 6 Find the mean of the random variable X with exponential probability 
density function 


0 ifx<0 
(Ot 


Solution From the definition we have 


/ X f(X) dX -/ Xce-% dX 
=00 0 


w= 
b b b 
= lim | Xce %* dX = lim (-xe=" + / e* ax) 
b-o0o b-oo 
0 0 0 
sim ( be? Lo a 1) = n 1’ H6pital’s Rule on first term 
Therefore, the mean is w = 1/c. o 


From the result in Example 6, knowing the mean or expected value mw of a random 
variable X having an exponential density function allows us to write its entire formula. 


fX) = $X7B - X) 


FIGURE 8.24 The expected value of a 
random variable with this probability den- 
sity function is ~ = 1.8 (Example 8). 


8.9 Probability 521 


Exponential Density Function for a Random Variable X with Mean pw 


0 ifxX <0 


xX) = 
f¢ ) fone ifX¥ =0 


EXAMPLE 7 Suppose the time T before a chip fails in Example 5 is modeled instead 
by the exponential density function with a mean of eight years. Find the probability that a 
chip will fail within five years. 


Solution The exponential density function with mean yx = 8 is 


0 ifT <0 

T) = 
ane ge7® ifT = 0 

Then the probability a chip will fail within five years is the definite integral 


5 


5 5 
PO=T=5)= / 0.12520 a7 =e OAT) = 1 = oO = 0.465 
0 0 


so about 47% of the chips can be expected to fail within five years. oO 


EXAMPLE 8 Find the expected value for the random variable X with probability den- 
sity function given by Example 4. 


Solution The expected value is 


3 3 
_ _ 4 Vv, 41354 1ys 
b= EX) | 7 XG X ) dX £/3x Lys] 


4 (243 243 
- #( 4 5 ) 


From Figure 8.24, you can see that this expected value is reasonable because the 
region beneath the probability density function appears to be balanced about the vertical 
line X = 1.8. That is, the horizontal coordinate of the centroid of a plate described by the 
region is X = 1.8. Oo 


There are other ways to measure the centrality of a random variable with a given 
probability density function. 


DEFINITION The median of a continuous random variable X with probability 
density function f is the number m for which 


[ ioe; and | soow-5, 


7 


The definition of the median means that there is an equal likelihood that the random 
variable X will be smaller than m or larger than m. 
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a 


FIGURE 8.25 Probability density 
functions with the same mean can have 
different spreads in relation to the mean. 
The blue and red regions under the curves 
have equal area. 
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EXAMPLE 9 


density function 


Find the median of a random variable X with exponential probability 


fX) = . ifX <0 
ce ifX = 0. 


Solution The median m must satisfy 


mE m 
5 = / Cc eX dX = ex | =] em, 
0 0 


It follows that 


é = oR. or 


Also, 


b b 
= lim | ce dX = lim ( «| = lim (em - &%) = em 


b—0oo b—->0o 


giving the same value for m. Since 1/c is the mean w of X with an exponential distribu- 
tion, we conclude that the median is m = In 2. The mean and median differ because the 
probability density function is skewed and spreads toward the right. a 


Variance and Standard Deviation 


Random variables with exactly the same mean yp but different distributions can behave 
very differently (see Figure 8.25). The variance of a random variable X measures how 
spread out the values of X are in relation to the mean, and we measure this dispersion by 
the expected value of (X — mw)’. Since the variance measures the expected square of the 
difference from the mean, we often work instead with its square root. 


DEFINITIONS The variance of a random variable X with probability density 
function f is the expected value of (X — yw): 


Var(X) = / (X — p)*f(X) dx 


The standard deviation of X is 


Ox = VVar(X) = if (X — p)f(X) dX. 


EXAMPLE 10 Find the standard deviation of the random variable T in Example 5, 
and find the probability that T lies within one standard deviation of the mean. 


Solution The probability density function is the exponential density function with mean 
be = 10 by Example 6. To find the standard deviation we first calculate the variance integral: 


CO 


/ i wf (T) dT = [ (T - 10)2(0.1e°!7) aT 
66 " 


b 
= lim / (T — 10)2(0.1e°!7) dT 
00 0 


chy en 1 =(x—p)?/202 
f(x) = ee) 
V2T 


b-o wetoa 


FIGURE 8.26 The normal probability 
density function with mean p and standard 
deviation a. 
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b 


Jim, [ (T — 10)? — 20(7 1o))e"| 


0 


b 
+ lim / 20e 8!" dT Integrating by parts 
0 


boo 


b 


[0 + (-10)? + 20(-10)] — 20 im (106 | 
—>00 0 


—100 — 200 lim (e1 — 1) = 100. 


The standard deviation is the square root of the variance, soa = 10.0. 
To find the probability that T lies within one standard deviation of the mean, we find 
the probability Plu — o = T = pp + o). For this example, we have 


20 20 
POO - 10 = T= 10 + 10) -| 0.1e°!" dT = —e€°'!T| = 1 —- €? = 0,865 
0 0 


This means that about 87% of the chips will fail within twenty years. a 


Uniform Distributions 


The uniform distribution is very simple, but it occurs commonly in applications. The 
probability density function for this distribution on the interval [ a, b ] is 


fe =p, asxzb. 
If each outcome in the sample space is equally likely to occur, then the random variable X 
has a uniform distribution. Since f is constant on [a,b], a random variable with a uni- 
form distribution is just as likely to be in one subinterval of a fixed length as in any other 
of the same length. The probability that X assumes a value in a subinterval of [ a, b ] is the 
length of that subinterval divided by (b — a). 


EXAMPLE 11 An anchored arrow is spun around the origin, and the random variable 
X is the radian angle the arrow makes with the positive x-axis, measured within the inter- 
val [ 0, 277). Assuming there is equal probability for the arrow pointing in any direction, 
find the probability density function and the probability that the arrow ends up pointing 
between North and East. 


Solution We model the probability density function with the uniform distribution 
f(x) = 1/27, 0 S x < 27, and f(x) = 0 elsewhere. 
The probability that the arrow ends up pointing between North and East is given by 


a/2 
Piosx=Z)= ree = 
a > lm 4° 


Numerous applications use the normal distribution, which is defined by the probability 
density function 


Normal Distributions 


eo 20° 


fQ@) = 
oV 27 
It can be shown that the mean of a random variable X with this probability density func- 
tion is mw and its standard deviation is o. In applications the values of and o are often 
estimated using large sets of data. The function is graphed in Figure 8.26, and the graph is 
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i<————__ 99.7% within 3 standard —————_>, 
deviations of the mean 


<— 95% within 2 standard —> 
deviations of the mean 


I | 
|< 68% within 2 
| 1 standard 
i deviation 
| of the mean 
I 
I 
I 


2.14% 


p30 p20 p-o ph opto pt2o pt3o 


FIGURE 8.27 Probabilities of the 
normal distribution within its standard 
deviation bands. 


sometimes called a bell curve because of its shape. Since the curve is symmetric about the 
mean, the median for X is the same as its mean. It is often observed in practice that many ran- 
dom variables have approximately a normal distribution. Some examples illustrating this phe- 
nomenon are the height of a man, the annual rainfall in a certain region, an individual’s blood 
pressure, the serum cholesterol level in the blood, the brain weights in a certain population of 
adults, and the amount of growth in a given period for a population of sunflower seeds. 

The normal probability density function does not have an antiderivative expressible in 
terms of familiar functions. Once mw and o are fixed, however, an integral involving the 
normal probability density function can be computed using numerical integration meth- 
ods. Usually we use the numerical integration capability of a computer or calculator to 
estimate the values of these integrals. Such computations show that for any normal distri- 
bution, we get the following values for the probability that the random variable X lies 
within k = 1,2, 3, or 4 standard deviations of the mean: 


Pawe- a<X<pt oa) = 0.68269 
P(w- 20 < X < p+ 2a) = 0.95450 
P(w -— 30 < X < p+ 3a) = 0.99730 
Pw -— 40 < X <p +t 4a) = 0.99994 


This means, for instance, that the random variable X will take on a value within two stan- 
dard deviations of the mean about 95% of the time. About 68% of the time, X will lie 
within one standard deviation of the mean (see Figure 8.27). 


EXAMPLE 12 An individual’s blood pressure is an important indicator of overall 
health. A medical study of healthy individuals between 14 and 70 years of age modeled 
their systolic blood pressure using a normal distribution with mean 119.7 mm Hg and 
standard deviation 10.9 mm Hg. 


(a) Using this model, what percentage of the population has a systolic blood pressure 
between 140 and 160 mm Hg, the levels set by the American Heart Association for 
Stage | hypertension? 


(b) What percentage has a blood pressure between 160 and 180 mm Hg, the levels set by 
the American Heart Association for Stage 2 hypertension? 


(c) What percentage has a blood pressure in the normal range of 90-120, as set by the 
American Heart Association? 


Solution 
(a) Since we cannot find an antiderivative, we use a computer to evaluate the probability 
integral of the normal probability density function with w = 119.7 anda = 10.9: 


160 
1 
P(140 Ss X = 160) = / 
149 10.9V 2ar 


This means that about 3% of the population in the studied age range have Stage | 
hypertension. 


ery dx = 003117, 


(b) Again we use a computer to calculate the probability that the blood pressure is 
between 160 and 180 mm Hg: 

180 

e 19. 7/2005¥ gx = 0.00011. 


1 
P(160 = X S 180) = i 
160 10.9V 2a 
We conclude that about 0.011% of the population has Stage 2 hypertension. 
(c) The probability that the blood pressure falls in the normal range is 
120 


1 =fF— e wd 
P90 Ss X = 120) = / e %-119.77/200.9Y gx = 0.50776. 
90 10.927 


That is, about 51% of the population has a normal systolic blood pressure. a 
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Many national tests are standardized using the normal distribution. The following 
example illustrates modeling the discrete random variable for scores on a test using the 
normal distribution function for a continuous random variable. 


EXAMPLE 13 The ACT is a standardized test taken by high school students seeking 
admission to many colleges and universities. The test measures knowledge skills and pro- 
ficiency in the areas of English, math, and science, with scores ranging over the interval 
[ 1, 36]. Nearly 1.5 million high school students took the test in 2009, and the composite 
mean score across the academic areas was w = 21.1 with standard deviation 0 = 5.1. 


(a) What percentage of the population had an ACT score between 18 and 24? 
(b) What is the ranking of a student who scored 27 on the test? 


(c) What is the minimal integer score a student needed to get in order to be in the top 8% 
of the scoring population? 


Solution 

(a) We use a computer to evaluate the probability integral of the normal probability den- 
sity function with w = 21.1 ando = 5.1: 

24 


PUI8 < X < 24) = : 1 __ x21. )26.17 aX =~ 0.44355. 


ig 5.1V27 
This means that about 44% of the students had an ACT score between 18 and 24. 
(b) Again we use a computer to calculate the probability of a student getting a score 


lower than 27 on the test: 


1 
5.1V 27 


We conclude that about 88% of the students scored below a score of 27, so the student 
ranked in the top 12% of the population. 


27 
PQ =X <27)= | e F-AIYP2GAY gy = 0.87630. 
1 


(c) We look at how many students had a mark higher than 28: 
36 


P(28 < X < 36) = | e- X-21.17/25.1P gx = 0.0863. 


1 
28 5.1V 20 
Since this number gives more than 8% of the students, we look at the next higher 
integer score: 
36 


PQo-< X= 36) = | 1 &-21.1226.1 gy = 0.0595. 


29 5.1V 27 
Therefore, 29 is the lowest integer score a student could get in order to score in the top 
8% of the population (and actually scoring here in the top 6%). a 


The simplest form for a normal distribution of X occurs when its mean is zero and its 
standard deviation is one. The standard normal probability density function f giving mean 
b = 0 and standard deviation ao = | is 


1 _y 
X) = a 
eV a 


Note that the substitution z = (X — y)/o gives the equivalent integrals 


¢ B 
1 -w/oy/2 gy = / i. 79 
e - dX = eels dz, 
/ oV 20 y Vom 


where a = (a — p)/o and B = (b — w)/a. So we can convert random variable values 
to the “z-values” to standardize a normal distribution, and then use the integral on the 
right-hand side of the last equation to calculate probabilities for the original random 
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Exercises 8.9 | 


Probability Density Functions 
In Exercises 1-8, determine which are probal 
and justify your answer. 
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variable normal distribution with mean wp and standard deviation o. In a normal distribu- 
tion, we know that 95.5% of the population lies within two standard deviations of the 
mean, so a random variable X converted to a z-value has more than a 95% chance of occur- 
ring in the interval [—2, 2]. 


13. f@®) = Sx — x) over [0, 1], P(0.5 > X) 


bility density functions 


i 3 
1 [T] 14. f@ = = = over | 28.00), P(X < 7/6) 
1. fx) = g* over [4,8] 7X 
2 (i= 2 eae [0, 2] 2 x>l 
. 2 ‘ 15. fw =x over (—00, 00), P(4 = X < 9) 
In(1 + In2) o x=) 
3. f(x) = 2* over | 0, ———~— 
In2 a aT 
16. f(x) = sinx over [0,7/2],P 6 5 ay 
4, f(x) =x — 1 over [0, 1 + V3 | 
In Exercises 17—20, find the value of the constant c so that the given 
. 1 function is a probability density function for a random variable over 
5. fa) = 4x the specified interval. 
O- aed 1 it 
17. f(x) = 6% over [3,c] 18. f(x) = ¢ over [c,c + 1] 
8 
=0 
6. f(x) = ¢ w(4 + x?) 19. f(x) = 4e* over [0,c] 
0 x<0 20. f(x) = cxV25 — x? over [0,5] 
7. f(x) = 2.cos 2x over fo z| 21. Let f(x) = ge Find the value of c so that f is a probability 
‘i x 
density function. If f is a probability density function for the ran- 
8. f= 1 over (0, €] dom variable X, find the probability P(1 = X < 2). 
- 22. Find the value of c so that f(x) = cVx(1 = x) is a probability 
9. Let f be the probability density function for the random variable density function for aaa variable X over [0, 1], and find 
Lin Example 2f. Explain the meaning of each integral. the probability P(0.25 = X = 0.5). 
32,000 00 23. Show that if the exponentially decreasing function 
a. f(D) db b. f(L) ab ; 
i 30,000 ee a0 
fx) a. 
Ae ifx 20 
20,000 15,000 
c. i f(L) dL d. / f(D) db is a probability density function, then A = c. 
. hes 24. Suppose f is a probability density function for the random vari- 


10. 


a. The probability that the arrow points e 
and West or between North and West. 


b. The probability that the arrow makes an angle of at least 


2 radians. 


Verify that the functions in Exercises 11-16 
functions for a continuous random variable X 
Determine the specified probability. 


11. f(x) = xe™ over [0,00), PU = X S 3) 


In x 


12. f(x) = —> over [ 1,00), P22 < X < 15) 
x 


Let f(X ) be the uniform distribution for the random variable X in 
Example 11. Express the following probabilities as integrals. 


able X with mean w. Show that its variance satisfies 
co 


ither between South Var (X) = / X? F(X) dX — wp’. 


Compute the mean and median for a random variable with the proba- 
bility density functions in Exercises 25-28. 


are probability density 


a =A 
over the given interval. 28: da ore Lom 26 30) ge ee ied 
2 x21 . l=xze 

27. f(x) = 4x 28. f(x) = 4° 
0 x<il 0 Otherwise 


Exponential Distributions 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


Digestion time The digestion time in hours of a fixed amount 
of food is exponentially distributed with a mean of 1 hour. What 
is the probability that the food is digested in less than 30 minutes? 


Pollinating flowers A biologist models the time in minutes 
until a bee arrives at a flowering plant with an exponential distri- 
bution having a mean of 4 minutes. If 1000 flowers are in a field, 
how many can be expected to be pollinated within 5 minutes? 


Lifetime of light bulbs A manufacturer of light bulbs finds that 
the mean lifetime of a bulb is 1200 hours. Assume the life of a 
bulb is exponentially distributed. 


a. Find the probability that a bulb will last less than its guaran- 
teed lifetime of 1000 hours. 


b. Ina batch of light bulbs, what is the expected time until half 
the light bulbs in the batch fail? 


Lifetime of an electronic component The life expectancy in 
years of a component in a microcomputer is exponentially distrib- 
uted, and 1/3 of the components fail in the first 3 years. The 
company that manufactures the component offers a 1 year war- 
ranty. What is the probability that a component will fail during 
the warranty period? 


Lifetime of an organism A hydra is a small fresh-water ani- 
mal, and studies have shown that its probability of dying does not 
increase with the passage of time. The lack of influence of age on 
mortality rates for this species indicates that an exponential distri- 
bution is an appropriate model for the mortality of hydra. A biolo- 
gist studies a population of 500 hydra and observes that 200 of 
them die within the first 2 years. How many of the hydra would 
you expect to die within the first six months? 


Car accidents The number of days that elapse between the 
beginning of a calendar year and the moment a high-risk driver is 
involved in an accident is exponentially distributed. Based on 
historical data, an insurance company expects that 30% of high- 
risk drivers will be involved in an accident during the first 50 days 
of the calendar year. In a group of 100 high-risk drivers, how 
many do you expect to be involved in an accident during the first 
80 days of the calendar year? 


Customer service time The mean waiting time to get served 
after walking into a bakery is 30 seconds. Assume that an expo- 
nential density function describes the waiting times. 


a. What is the probability a customer waits 15 seconds or less? 


b. What is the probability a customer waits longer than one 
minute? 


c. What is the probability a customer waits exactly 5 minutes? 


d. If 200 customers come to the bakery in a day, how many are 
likely to be served within three minutes? 


Airport waiting time According to the U.S. Customs and Bor- 
der Protection Agency, the average airport wait time at Chicago’s 
O’Hare International airport is 16 minutes for a traveler arriving 
during the hours 7-8 a.m., and 32 minutes for arrival during the 
hours 4—5 p.m. The wait time is defined as the total processing 
time from arrival at the airport until the completion of a passen- 
ger’s security screening. Assume the wait time is exponentially 
distributed. 


a. What is the probability of waiting between 10 and 30 minutes 
for a traveler arriving during the 7-8 A.M. hour? 


37. 


38. 


8.9 Probability 527 


b. What is the probability of waiting more than 25 minutes for a 
traveler arriving during the 7-8 A.M. hour? 


c. What is the probability of waiting between 35 and 50 minutes 
for a traveler arriving during the 4-5 p.m. hour? 


d. What is the probability of waiting less than 20 minutes for a 
traveler arriving during the 4-5 p.m. hour? 


Printer lifetime The lifetime of a $200 printer is exponentially 
distributed with a mean of 2 years. The manufacturer agrees to 
pay a full refund to a buyer if the printer fails during the first year 
following its purchase, and a one-half refund if it fails during the 
second year. If the manufacturer sells 100 printers, how much 
should it expect to pay in refunds? 


Failure time The time between failures of a photocopier is 
exponentially distributed. Half of the copiers at a university 
require service during the first 2 years of operations. If the univer- 
sity purchased 150 copiers, how many do you expect to require 
service during the first year of their operation? 


Normal Distributions 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


Cholesterol levels The serum cholesterol levels of children 
aged 12 to 14 years follows a normal distribution with mean 
pe = 162 mg/dl and standard deviation 0 = 28 mg/dl. In a popu- 
lation of 1000 of these children, how many would you expect to 
have serum cholesterol levels between 165 and 193? between 148 
and 167? 


Annual rainfall The annual rainfall in inches for San Fran- 
cisco, California, is approximately a normal random variable with 
mean 20.11 in. and standard deviation 4.7 in. What is the proba- 
bility that next year’s rainfall will exceed 17 in.? 


Manufacturing time The assembly time in minutes for a com- 
ponent at an electronic manufacturing plant is normally distrib- 
uted with a mean of w = 55 and standard deviation 0 = 4. What 
is the probability that a component will be made in less than one 
hour? 


Lifetime of a tire Assume the random variable L in Example 
2f is normally distributed with mean jw = 22,000 miles and 
a = 4,000 miles. 


a. In a batch of 4000 tires, how many can be expected to last for 
at least 18,000 miles? 


b. What is the minimum number of miles you would expect to 
find as the lifetime for 90% of the tires? 


Height The average height of American females aged 18—24 is 
normally distributed with mean yu = 65.5 inches and 0 = 2.5 
inches. 


a. What percentage of females are taller than 68 inches? 


b. What is the probability a female is between 5'1” and 5’4” 
tall? 


Life expectancy At birth, a French citizen has an average life 
expectancy of 81 years with a standard deviation of 7 years. If 
100 newly born French babies are selected at random, how many 
would you expect to live between 75 and 85 years? Assume life 
expectancy is normally distributed. 


Length of pregnancy A team of medical practitioners deter- 
mines that in a population of 1000 females with ages ranging 
from 20 to 35 years, the length of pregnancy from conception 
to birth is approximately normally distributed with a mean of 
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46. 


47. 


48. 


49. 


50. 


51. 
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266 days and a standard deviation of 16 days. How many of these 
females would you expect to have a pregnancy lasting from 36 
weeks to 40 weeks? 


Brain weights In a population of 500 adult Swedish males, 
medical researchers find their brain weights to be approximately 
normally distributed with mean 4 = 1400 gm and standard devi- 
ation o = 100 gm. 


a. What percentage of brain weights are between 1325 and 
1450 gm? 

b. How many males in the population would you expect to have 
a brain weight exceeding 1480 gm? 


Blood pressure Diastolic blood pressure in adults is normally 
distributed with «» = 80 mm Hg and o = 12 mm Hg. Ina ran- 
dom sample of 300 adults, how many would be expected to have 
a diastolic blood pressure below 70 mm Hg? 


Albumin levels Serum albumin in healthy 20-year-old males is 
normally distributed with w = 4.4 and a = 0.2. How likely is it 
for a healthy 20-year-old male to have a level in the range 4.3 to 
4.45? 


Quality control A manufacturer of generator shafts finds that it 
needs to add additional weight to its shafts in order to achieve 
proper static and dynamic balance. Based on experimental tests, 
the average weight it needs to add is w = 35 gm with ao = 9 gm. 
Assuming a normal distribution, from 1000 randomly selected 
shafts, how many would be expected to need an added weight in 
excess of 40 gm? 


Miles driven A taxicab company in New York City analyzed 
the daily number of miles driven by each of its drivers. It found 
the average distance was 200 mi with a standard deviation of 30 mi. 
Assuming a normal distribution, what prediction can we make 
about the percentage of drivers who will log in either more than 
260 mi or less than 170 mi? 


Germination of sunflower seeds The germination rate of a 
particular seed is the percentage of seeds in the batch which suc- 
cessfully emerge as plants. Assume that the germination rate for a 
batch of sunflower seeds is 80%, and that among a large popula- 
tion of n seeds the number of successful germinations is normally 
distributed with mean w = 0.8n and a = 0.4Vn. 


a. Ina batch of n = 2500 seeds, what is the probability that at 
least 1960 will successfully germinate? 


b. Ina batch of n = 2500 seeds, what is the probability that at 
most 1980 will successfully germinate? 


c. Ina batch of n = 2500 seeds, what is the probability that 
between 1940 and 2020 will successfully germinate? 


52. 


Suppose you toss a fair coin n times and record the number of 
heads that land. Assume that n is large and approximate the dis- 
crete random variable X with a continuous random variable that is 
normally distributed with w = n/2 and 0 = Vn/2. If n = 400, 
find the given probabilities. 
a. P(190 = X < 210) 

c. P(X > 220) 


b. P(X < 170) 
d. P(X = 300) 


Discrete Random Variables 


53. 


54. 


55. 


56. 


A fair coin is tossed four times and the random variable X assigns 
the number of tails that appear in each outcome. 


a. Determine the set of possible outcomes. 
b. Find the value of X for each outcome. 


c. Create a probability bar graph for X, as in Figure 8.21. What 
is the probability that at least two heads appear in the four 
tosses of the coin? 


You roll a pair of six-sided dice, and the random variable X 
assigns to each outcome the sum of the number of dots showing 
on each face, as in Example 2e. 


a. Find the set of possible outcomes. 

b. Create a probability bar graph for X. 

c. What is the probability that ¥ = 8? 

d. What is the probability that X = 5? X > 9? 


Three people are asked their opinion in a poll about a particular 
brand of a common product found in grocery stores. They can 
answer in one of three ways: “Like the product brand” (L), “Dis- 
like the product brand” (D), or “Undecided” (U). For each out- 
come, the random variable X assigns the number of L’s that 
appear. 


a. Find the set of possible outcomes and the range of X. 
b. Create a probability bar graph for X. 


c. What is the probability that at least two people like the product 
brand? 


d. What is the probability that no more than one person dislikes 
the product brand? 


Spacecraft components A component of a spacecraft has both 
a main system and a backup system operating throughout a flight. 
The probability that both systems fail sometime during the flight 
is 0.0148. Assuming that each system separately has the same 
failure rate, what is the probability that the main system fails dur- 
ing the flight? 


Chapter 8S Questions to Guide Your Review 


1. 


2. 


What is the formula for integration by parts? Where does it come 
from? Why might you want to use it? 


When applying the formula for integration by parts, how do you 
choose the u and dv? How can you apply integration by parts to 
an integral of the form i f(x) dx? 


3. 


4. 


If an integrand is a product of the form sin” x cos” x, where m and 
n are nonnegative integers, how do you evaluate the integral? 
Give a specific example of each case. 


What substitutions are made to evaluate integrals of sin mx sin nx, 
sin mx cos nx, and cos mx cos nx? Give an example of each case. 


. What substitutions are sometimes used to transform integrals 


involving Va? — x?, Va? + x?, and Vx? — a? into integrals 


that can be evaluated directly? Give an example of each case. 


. What restrictions can you place on the variables involved in the 


three basic trigonometric substitutions to make sure the substitu- 
tions are reversible (have inverses)? 


7. What is the goal of the method of partial fractions? 


11. 


12. 


. When the degree of a polynomial f(x) is less than the degree of a 


polynomial g(x), how do you write f(x)/g(x) as a sum of partial 
fractions if g(x) 


a. is a product of distinct linear factors? 
b. consists of a repeated linear factor? 
¢c. contains an irreducible quadratic factor? 


What do you do if the degree of f is not less than the degree of g? 


. How are integral tables typically used? What do you do if a par- 


ticular integral you want to evaluate is not listed in the table? 


. What is a reduction formula? How are reduction formulas used? 


Give an example. 


How would you compare the relative merits of Simpson’s Rule 
and the Trapezoidal Rule? 


What is an improper integral of Type I? Type II? How are the 
values of various types of improper integrals defined? Give 
examples. 


Chapter Fa Practice Exercises 


Integration by Parts 
Evaluate the integrals in Exercises 1—8 using integration by parts. 


1, 


ic (x + 1) dx 
fom 3x dx 
Je + 1)e* dx 
fe cos 2x dx 


2. [eines 
4, [eos (5) dx 
6. [esac — x)dx 


8. fr sin x cos x dx 


Partial Fractions 
Evaluate the integrals in Exercises 9—28. It may be necessary to use a 
substitution first. 


9. 


11. (eae 
x(x + 1)? 
13. 


15. 


x dx 


10. lea 
x2 + 4x 4+ 3 
12. Fi Js 
x(x — 1) 
sin 0d0 cos 6d0 
ee OA ds ite A co Le on ee 
cos “8 + cos@ — 2 sin’ 9 + sin@ — 6 


p= +a te 6. [28 
we+x x + 4x 


x dx 


ae 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


17. 


19. 


21. 


23. 


25. 


27. 
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Chapter 8 Practice Exercises 


What tests are available for determining the convergence and 
divergence of improper integrals that cannot be evaluated 
directly? Give examples of their use. 


What is a random variable? What is a continuous random vari- 
able? Give some specific examples. 


What is a probability density function? What is the probability that 
a continuous random variable has a value in the interval [ c, d]? 


What is an exponentially decreasing probability density function? 
What are some typical events that might be modeled by this dis- 
tribution? What do we mean when we say such distributions are 
memoryless? 


What is the expected value of a continuous random variable? 
What is the expected value of an exponentially distributed ran- 
dom variable? 


What is the median of a continuous random variable? What is the 
median of an exponential distribution? 


What does the variance of a random variable measure? What is 
the standard deviation of a continuous random variable X? 


What probability density function describes the normal distribu- 
tion? What are some examples typically modeled by a normal 
distribution? How do we usually calculate probabilities for a nor- 
mal distribution? 


In a normal distribution, what percentage of the population lies 
within | standard deviation of the mean? Within 2 standard devi- 
ations? 


/etke is. / (3u — 7) du 
2? — Bu “J @- Dw - 20 - 3) 
t dt 
20. a 
reece Tay aes 
fan nad) Pad 
[etoe m2, [tax 
ae ee SX 
3 ay 2: we 
fe Ax? oy 5A. ae + x? 21x + 24 5 
t 4x + 3 x2 + 2x - 8 


ds 
ee + 1 


la*= 26 
x(3Vx + 1) : 


ds 
/ oI 28. 


Trigonometric Substitutions 
Evaluate the integrals in Exercises 29-32 (a) without using a trigono- 
metric substitution, (b) using a trigonometric substitution. 


29. 


x dx 


30. | = 
V4 + x? 


{3 32 t dt 
Pe oa ‘J Var 1 
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Evaluate the integrals in Exercises 33-36. 


34. lets 


36 Iq 
; V9 — x? 


Trigonometric Integrals 
Evaluate the integrals in Exercises 37-44. 


37. 


39. 


41. 


43. 


[ow x cost x dx 
[os x sec? x dx 


[oo 50 cos 66 dé 


38. Joos x sim x dx 
40. / tan? x sec? x dx 
42. / sec? @ sin? 6 dO 


[vi + cos (t/2) dt 44, feviare + 1dt 


Numerical Integration 


45. 


46. 


47. 


48. 


49. 


According to the error-bound formula for Simpson’s Rule, how 
many subintervals should you use to be sure of estimating the 


value of 
* i 
In 3 -| x 
1 


by Simpson’s Rule with an error of no more than 10 in absolute 
value? (Remember that for Simpson’s Rule, the number of subin- 
tervals has to be even.) 

A brief calculation shows that if 0 = x = 1, then the second 
derivative of f(x) = V1 + x* lies between 0 and 8. Based on 
this, about how many subdivisions would you need to estimate 
the integral of f from 0 to 1 with an error no greater than 107 in 
absolute value using the Trapezoidal Rule? 


A direct calculation shows that 


T 
/ 2 sin? x dx = 7. 
0 


How close do you come to this value by using the Trapezoidal 
Rule with n = 6? Simpson’s Rule with n = 6? Try them and 
find out. 


You are planning to use Simpson’s Rule to estimate the value of 


the integral 
2 
/ f(x) dx 
1 


with an error magnitude less than 10~>. You have determined that 
| f(x)| < 3 throughout the interval of integration. How many 
subintervals should you use to ensure the required accuracy? 
(Remember that for Simpson’s Rule the number has to be even.) 


Mean temperature Use Simpson’s Rule to approximate the 
average value of the temperature function 


cus 


f(x) = 37 sin 3 (x — 10) £95 


for a 365-day year. This is one way to estimate the annual mean air 
temperature in Fairbanks, Alaska. The National Weather Service’s 


50. 


51. 


52. 


official figure, a numerical average of the daily normal mean air 
temperatures for the year, is 25.7°F, which is slightly higher than 
the average value of f(x). 


Heat capacity of a gas Heat capacity C, is the amount of heat 
required to raise the temperature of a given mass of gas with con- 
stant volume by 1°C, measured in units of cal /deg-mol (calories 
per degree gram molecular weight). The heat capacity of oxygen 
depends on its temperature T and satisfies the formula 


C, = 8.27 + 10°5 (267 — 1.8772). 


Use Simpson’s Rule to find the average value of C, and the tem- 
perature at which it is attained for 20° = T = 675°C. 


Fuel efficiency An automobile computer gives a digital readout 
of fuel consumption in gallons per hour. During a trip, a passen- 
ger recorded the fuel consumption every 5 min for a full hour of 
travel. 


Time Gal /h Time Gal /h 
0 2.5 35 2.5 
5 2.4 40 2.4 
10 2.3 45 2.3 
15 2.4 50 2.4 
20 2.4 55 2.4 
25 2.5 60 2.3 
30 2.6 


a. Use the Trapezoidal Rule to approximate the total fuel con- 
sumption during the hour. 


b. If the automobile covered 60 mi in the hour, what was its 
fuel efficiency (in miles per gallon) for that portion of the 
trip? 

A new parking lot To meet the demand for parking, your town 

has allocated the area shown here. As the town engineer, you have 

been asked by the town council to find out if the lot can be built 
for $11,000. The cost to clear the land will be $0.10 a square foot, 
and the lot will cost $2.00 a square foot to pave. Use Simpson’s 

Rule to find out if the job can be done for $11,000. 


0 ft 


Vertical spacing = 15 ft 


Improper Integrals 
Evaluate the improper integrals in Exercises 53-62. 


3 4 1 
53. | ~ 54, | In x dx 
0 V9- x 0 
2 0 
d 
5 — 56. / = 
oy 3G 1p 
Si it 
58. —— d 
7 4v3 — v* . 
co 0 
59. | xe dx 60. / xe** dx 
0 —0o 
“dx A dk 
61. 62. 
|.as i 
Which of the improper integrals in Exercises 63-68 converge and 
which diverge? 
ar) — 
63. 7 ———— 64. ; e “cos udu 
6 V 0? + 1 0 


fore) is ‘ fore) et 
65. / — dz 66. —. dt 
1 < 1 Vi 


Assorted Integrations 
Evaluate the integrals in Exercises 69-116. The integrals are listed in 
random order so you need to decide which integration technique to use. 


x dx we+2 
69. 70. 2 dx 
[es ie 
dx 
71. V2x — x? dx T2s i = 
/ V-2x — x? 
73. (pee 74, [si cos ao 
sin? x 
75. Fi alli) 76. | di 
81 — v4 4 @- 1) 
: 3 
77. Je cos (20 + 1)d6 78. iS 
Daeg a cal 
in 20 dO wa 
79. — 80. / V1 + cos 4x dx 
(1 + cos 26) a/4 
x /q aa 
81. oat 82. / a > dv 
Vi—5 v 
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93. i eV dy 


9s. | sin 5t dt 
1 + (cos 51)” 
dr 
mn. | 
1+ Vr 
3 
v9. | * ay 
1+ x 
an aD 
ror. [| ~ dx 
1+x 
103, f Vi-Vi + Vx dx 
105 | id 
VaeVI + x 


84. / — 
V8 — 2x? — x4 
86. [re — 1)! ax 
-1 
88. fi an ax 
Xx 
90. ij tan? ¢ dt 
92. i yn y)? dy 


94. fev + 4e? do 


96. | 
ev—] 


3 = 
9g, | 2x — 20% ay 
x* — 10x? + 9 


100. / “dx 
1+x 


1+ x 


102. 
(1+ x 


dx 


104. / 1+ V1l4+xdx 


1/2 
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106. 1+ V1—- x dx 


0 


1 
me. | einen (In x) as 


E mn In (In x) 


110. j (In x)* 


113, 7 vies 


x 


dx 


113. a. Show that i f(xdx = I fla — x)dx. 


b. Use part (a) to evaluate 


1/2 : 
sin x 
dx 
9 sinx + cos x 


114. |i os 
sin x + cos x 


1 — cosx 
116. [eka 
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Evaluating Integrals 
Evaluate the integrals in Exercises 1-6. 


1, [ow x) dx 


a) 
115. / ae 
1 + sin? x 


2 dx 
“TP xe + Ia + 2)---(~ + m) 


3. p sin! xdx 


4. i sin! Vy dy 


x x 


Ja 
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| dt «| dx 
“J t-Vi-P ‘a ee e4 


Evaluate the limits in Exercises 7 and 8. 


x 1 
: F ; cos ¢ 
7. lim sin t dt 8. lim x 5 at 
x00 f_ x—0t ~ t* 


x 


Evaluate the limits in Exercises 9 and 10 by identifying them with 
definite integrals and evaluating the integrals. 


. ie n k . et 1 
9. lim In,/l +7 10. lim a 
mm yh tn me Vee 
Applications 


11. Finding arc length Find the length of the curve 
x 
y= / Vcos 2tdt, OS x 5 7/4. 
0 


12. Finding arc length Find the length of the graph of the function 
y=In(l — x7), OS x 1/2. 

13. Finding volume The region in the first quadrant that is enclosed 
by the x-axis and the curve y =3xV1—-—x is revolved about the 
y-axis to generate a solid. Find the volume of the solid. 


14. Finding volume The region in the first quadrant that is enclosed 
by the x-axis, the curve y = 5/(xV5 = x). and the lines x = 1 
and x = 4 is revolved about the x-axis to generate a solid. Find 
the volume of the solid. 

15. Finding volume The region in the first quadrant enclosed by the 
coordinate axes, the curve y = e’, and the line x = 1 is revolved 
about the y-axis to generate a solid. Find the volume of the solid. 

16. Finding volume The region in the first quadrant that is bounded 
above by the curve y = e* — 1, below by the x-axis, and on the 
right by the line x = In 2 is revolved about the line x = In 2 to 
generate a solid. Find the volume of the solid. 

17. Finding volume Let R be the “triangular” region in the first 
quadrant that is bounded above by the line y = 1, below by the 
curve y = In x, and on the left by the line x = 1. Find the vol- 
ume of the solid generated by revolving R about 


a. the x-axis. b. the line y = 1. 


18. Finding volume (Continuation of Exercise 17.) Find the vol- 
ume of the solid generated by revolving the region R about 
a. the y-axis. b. the line x = 1. 
19. Finding volume The region between the x-axis and the curve 
x= 0 


0, 
y= 40 { Ce e295 


x In x, 
is revolved about the x-axis to generate the solid shown here. 
a. Show that f is continuous at x = 0. 


b. Find the volume of the solid. 


y=xInx 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


Finding volume The infinite region bounded by the coordi- 
nate axes and the curve y = —Inx in the first quadrant is 
revolved about the x-axis to generate a solid. Find the volume of 
the solid. 


Centroid of a region Find the centroid of the region in the first 
quadrant that is bounded below by the x-axis, above by the curve 
y = Inx, and on the right by the line x = e. 


Centroid of a region Find the centroid of the region in the 
plane enclosed by the curves y = +(1 — x?)"'/? and the lines 
x = Oandx= 1. 

Length of a curve Find the length of the curve y = In x from 
x= ltox =e: 

Finding surface area Find the area of the surface generated by 
revolving the curve in Exercise 23 about the y-axis. 


The surface generated by an astroid The graph of the equa- 
tion x2/3 + y?/3 = 1 is an astroid (see accompanying figure). 
Find the area of the surface generated by revolving the curve 
about the x-axis. 


y. 
A 


P34 y= 


>X 


Length of acurve Find the length of the curve 
x 
y= f VVi-ldt, 15x= 16. 
1 


For what value or values of a does 


7 I 
ax 
> - a7 J}d 
i (5 +1 +) e 
converge? Evaluate the corresponding integral(s). 


For each x > 0, let G(x) = I i e™ dt. Prove that xG(x) = 1 for 
each x > 0. 


Infinite area and finite volume What values of p have the fol- 
lowing property: The area of the region between the curve 
y=x?,1 = x < ©, and the x-axis is infinite but the volume of 
the solid generated by revolving the region about the x-axis is 
finite. 

Infinite area and finite volume What values of p have the fol- 
lowing property: The area of the region in the first quadrant 
enclosed by the curve y = x”, the y-axis, the line x = 1, and the 
interval [ 0, 1] on the x-axis is infinite but the volume of the solid 
generated by revolving the region about one of the coordinate 
axes is finite. 


31. Integrating the square of the derivative If f is continuously 
differentiable on [0,1] and f(1) = f(0) = —1/6, prove that 


1 1 
| (f'Q@))? dx = 2f f(x) dx + - 
0 0 4 


. 2 
Hint: Consider the inequality 0 = / (re x= :) dx. 
0 


Source: Mathematics Magazine, vol. 84, no. 4, Oct. 2011. 


32. (Continuation of Exercise 31.) If f is continuously differentiable 
on [0, a] fora > 0, and f(a) = f(0) = 5, prove that 


/ (f'@oy dx = 2f f(x) dx — (2a + #). 
0 0 


da ed 
Hint: Consider the inequality 0 = / ( fio +x- 2) dx. 
0 


Source: Mathematics Magazine, vol. 84, no. 4, Oct. 2011. 


Tabular Integration 

The technique of tabular integration also applies to integrals of the 
form ri f(x)g(x) dx when neither function can be differentiated repeat- 
edly to become zero. For example, to evaluate 


/ e** cos x dx 


we begin as before with a table listing successive derivatives of e* 
and integrals of cos x: 


e* and its cos x and its 
derivatives integrals 
2x 
e (+) cos x 


2e* oa sin x 
4e* (+) —cos x 


<— Stop here: Row is same as 
first row except for multi- 
plicative constants (4 on the 
left, —1 on the right). 


We stop differentiating and integrating as soon as we reach a row that 
is the same as the first row except for multiplicative constants. We 
interpret the table as saying 


/ e** cos xdx = +(e sin x) — (2e*(—cos x)) 


+ [ (4e2\-00s x) dx. 


We take signed products from the diagonal arrows and a signed inte- 
gral for the last horizontal arrow. Transposing the integral on the 
right-hand side over to the left-hand side now gives 


sf cos x dx = e* sinx + 2e* cos x 
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or 


re e* sin x + 2e* cosx | 
e cos x dx = 5 ae Or 


after dividing by 5 and adding the constant of integration. 


Use tabular integration to evaluate the integrals in Exercises 33-40. 


33. / e** cos 3x dx 34. i e** sin 4x dx 


35. [oo 3x sin x dx 36. Joos 5x sin 4x dx 


37. / e™ sin bx dx 38. ; e™ cos bx dx 


39. ‘i In (ax) dx 40. / x? In (ax) dx 


The Substitution z = tan (x/2) 
The substitution 


zZ= tan 5 (1) 


reduces the problem of integrating a rational expression in sin x and 
cos x to a problem of integrating a rational function of z. This in turn 
can be integrated by partial fractions. 

From the accompanying figure 


P(cos x, sin x) 


sin x 


we can read the relation 


Bae sin x 
2 1+ cosx 


To see the effect of the substitution, we calculate 


2 
=2 2, *) l= 
cos x cos (3 aD) 
= a l= a 1 
1 + tan? (x/2) l+2 
_ 2 
cos x = = (2) 
b+ ze 


and 


sin (x/2) 
sinx = 2sin~cos~ = 2 / cos? (5) 


2 2 cos (x/2) , 2 
x l 2 tan (x/2) 
= 2tanz>: = 
2 sec? (x/2) 1 + tan? (x/2) 
sinx = 7 j (3) 


1+ 2 
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Finally, x = 2 tan! z, so 


(4) 


Examples 


1 1 1+ 2 2dz 
a 1 d.cosx 2 142 


1¢+2 2 dz 
242z4+2214+2 


favor leap 
eC+ztil (z + (1/2)? + 3/4 
1 


1 
b. ha + ane = 


du 


ura 


— +1 (4 
= qtan (x) +c 


= tan~ bic 
V3 V3 
2 1 + 2 tan(x/2) 
= tan”! 
V3 V3 


Use the substitutions in Equations (1)-(4) to evaluate the integrals in 
Exercises 41-48. Integrals like these arise in calculating the average 
angular velocity of the output shaft of a universal joint when the input 
and output shafts are not aligned. 


dx dx 
o- [rts aes bes rear 
m/2 a/2 
43. : = 44. / ss 
7 1 + sinx a/3 1 — cos x 
45 ae dé 46 zy cos 6 d@ 
: » 2+ cosé . a) sin @ cos @ + sin@ 
47 dt 48 cos ¢ dt 
* | sint — cost : 1 — cost 


Use the substitution z = tan (@/2) to evaluate the integrals in Exer- 


cises 49 and 50. 
50. / csc 6 dé 


49, 7 sec 0 d0 


The Gamma Function and Stirling’s Formula 

Euler’s gamma function P(x) (“gamma of x”; [’ is a Greek capital g) 
uses an integral to extend the factorial function from the nonnegative 
integers to other real values. The formula is 


T(x) -f tletdt, x>0. 
0 


For each positive x, the number I(x) is the integral of t*~!e with 
respect to ¢ from 0 to 00. Figure 8.28 shows the graph of I near the 
origin. You will see how to calculate (1/2) if you do Additional 
Exercise 23 in Chapter 15. 


| | | sx 


FIGURE 8.28  Euler’s gamma function 
T(x) is a continuous function of x whose 
value at each positive integer n + 1 is 
n!. The defining integral formula for T’ is 
valid only for x > 0, but we can extend 
I to negative noninteger values of x with 
the formula T(x) = (Tw + 1))/x, which 
is the subject of Exercise 51. 


51. If is a nonnegative integer, [(n + 1) = n! 
a. Show that [(1) = 1. 


b. Then apply integration by parts to the integral for [(x + 1) to 
show that P(x + 1) = xI(x). This gives 


T2) = 17d) = 1 
T(3) = 2F(2) = 2 
T(4) = 373) = 6 


Tin + Heaten (5) 


c. Use mathematical induction to verify Equation (5) for every 
nonnegative integer n. 


52. Stirling’s formula Scottish mathematician James Stirling 
(1692-1770) showed that 


im (£) acl = 1, 


so, for large x, 
T@ = (3) = (1 + e(x)), E(x) ~O0asx—>~w. (6) 


Dropping €(x) leads to the approximation 


T@) =~ (3) us (Stirling’s formula). (7) 
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a. Stirling’s approximation for 2! Use Equation (7) and the T\¢. A refinement of Equation (6) gives 


fact that n! = nI(n) to show that P 
Tl) = (3) | 2 e291 + (a) 


As you will see if you do Exercise 104 in Section 10.1, Equa- TQ) ~ (3) jae e}/(12x) 
tion (8) leads to the approximation 


nl = () V 2nt (Stirling’s approximation). (8) 
or 


which tells us that 


n! = e: (9) n 
nl! = (2) V 2nir el/(20), (10) 


n 


e 


T|b. Compare your calculator’s value for n! with the value given 
by Stirling’s approximation for n = 10, 20, 30,..., as far as Compare the values given for 10! by your calculator, Stirling’s 
your calculator can go. approximation, and Equation (10). 
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Mathematica/Maple Modules: 


Riemann, Trapezoidal, and Simpson Approximations 

Part I: Visualize the error involved in using Riemann sums to approximate the area under a curve. 

Part II: Build a table of values and compute the relative magnitude of the error as a function of the step size Ax. 
Part III: Investigate the effect of the derivative function on the error. 

Parts IV and V: Trapezoidal Rule approximations. 

Part VI: Simpson’s Rule approximations. 


Games of Chance: Exploring the Monte Carlo Probabilistic Technique for Numerical Integration 
Graphically explore the Monte Carlo method for approximating definite integrals. 


Computing Probabilities with Improper Integrals 
More explorations of the Monte Carlo method for approximating definite integrals. 


First-Order 
Differential Equations 


OVERVIEW Many real-world problems, when formulated mathematically, lead to differ- 
ential equations. We encountered a number of these equations in previous chapters when 
studying phenomena such as the motion of an object moving along a straight line, the 
decay of a radioactive material, the growth of a population, and the cooling of a heated 
object placed within a medium of lower temperature. 

In Section 4.8 we introduced differential equations of the form dy/dx = f(x), where f 
is given and y is an unknown function of x. When f is continuous over some interval, we 
learned that the general solution y(x) was found directly by integration, y = [ f(x) dx. 
Next, in Section 7.2, we investigated differential equations of the form dy/dx = f(x, y), 
where f is a function of both the independent variable x and the dependent variable y. 
There we learned how to find the general solution when the differential equation is separable. 
In this chapter we further extend our study to include other commonly occurring first-order 
differential equations. They involve only first derivatives of the unknown function y(x), and 
model phenomena such as simple electrical circuits, or the resulting concentration of a 
chemical being added and mixed with some other fluid in a container. Differential equa- 
tions involving second derivatives are studied in Chapter 17. 


9, 1 Solutions, Slope Fields, and Euler’s Method 
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We begin this section by defining general differential equations involving first derivatives. 
We then look at slope fields, which give a geometric picture of the solutions to such equa- 
tions. Many differential equations cannot be solved by obtaining an explicit formula for 
the solution. However, we can often find numerical approximations to solutions. We pre- 
sent one such method here, called Euler’s method, which is the basis for many other 
numerical methods as well. 


General First-Order Differential Equations and Solutions 
A first-order differential equation is an equation 

dy 

n= fey) (1) 
in which f(x, y) is a function of two variables defined on a region in the xy-plane. The 


equation is of first order because it involves only the first derivative dy/dx (and not 
higher-order derivatives). We point out that the equations 


y= fey) and Zy= fey) 


are equivalent to Equation (1) and all three forms will be used interchangeably in the text. 
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A solution of Equation (1) is a differentiable function y = y(x) defined on an interval 
I of x-values (perhaps infinite) such that 


yx) = fx, yO) 


on that interval. That is, when y(x) and its derivative y’(x) are substituted into Equation (1), 
the resulting equation is true for all x over the interval /. The general solution to a first-order 
differential equation is a solution that contains all possible solutions. The general solution 
always contains an arbitrary constant, but having this property doesn’t mean a solution is the 
general solution. That is, a solution may contain an arbitrary constant without being the gen- 
eral solution. Establishing that a solution is the general solution may require deeper results 
from the theory of differential equations and is best studied in a more advanced course. 


EXAMPLE 1 Show that every member of the family of functions 


y=£42 


is a solution of the first-order differential equation 


dy 1 
am x2 9) 


on the interval (0, 00), where C is any constant. 


Solution Differentiating y = C/x + 2 gives 


d 
* = c#(t) +0=-$ 


dx dx x 


We need to show that the differential equation is satisfied when we substitute into it the 
expressions (C/x) + 2 for y, and —C/x” for dy/dx. That is, we need to verify that for all 


x € (0, &), 
c t]2 (¢ + 2) 


This last equation follows immediately by expanding the expression on the right-hand side: 


s2-(§+2)) 28) --5 


Therefore, for every value of C, the function y = C/x + 2 is a solution of the differential 
equation. | 


As was the case in finding antiderivatives, we often need a particular rather than the 
general solution to a first-order differential equation y’ = f(x, y). The particular solution 
satisfying the initial condition y(x%) = yo is the solution y = y(x) whose value is yy when 
xX = X9. Thus the graph of the particular solution passes through the point (xo, yo) in the 
xy-plane. A first-order initial value problem is a differential equation y’ = f(x, y) whose 
solution must satisfy an initial condition y(%) = yo. 


EXAMPLE 2 Show that the function 


y= (tl) §e 


is a solution to the first-order initial value problem 


dy 


le _2 
dx ame x, y(0) > 3° 
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Solution The equation 
dy _ 
dx» ~* 

is a first-order differential equation with f(x, y) = y — x. 


On the left side of the equation: 


y dx dx 3 
= a1 x 
(. ? 2p yar) ze On the right side of the equation: 
L>x ee ee ee 
4 y-x=( ) 3¢ x 30° 


The function satisfies the initial condition because 


yo=le+n-te] =1-$-3 
x=0 


FIGURE 9.1 Graph of the solution to The graph of the function is shown in Figure 9.1. 
the initial value problem in Example 2. 
Slope Fields: Viewing Solution Curves 


Each time we specify an initial condition y(xp) = yo for the solution of a differential equa- 
tion y’ = f(x, y), the solution curve (graph of the solution) is required to pass through the 
point (xp, yo) and to have slope f(xo, yo) there. We can picture these slopes graphically by 
drawing short line segments of slope f(x, y) at selected points (x, y) in the region of the 
xy-plane that constitutes the domain of f. Each segment has the same slope as the solution 
curve through (x, y) and so is tangent to the curve there. The resulting picture is called a 
slope field (or direction field) and gives a visualization of the general shape of the solu- 
tion curves. Figure 9.2a shows a slope field, with a particular solution sketched into it in 
Figure 9.2b. We see how these line segments indicate the direction the solution curve takes 


at each point it passes through. 


LL IM4EL II 77 J-— 
eee Lidl tes a 
LLLYLI SANS aN 
LELELILALSI-mNNN Ak 
PLELLL RELA SANNA OS 
TEL ELITIST SP RNANY ee 
LEE ELL ERAS SNA ‘4 

LLLUZZ rene NSS Mes 
7 v > 
- MELE SAVANE: 4 
LITI7PIZSNNNNANAVVV VA \ \ 
(he fa ee ee \ \ 
Lf FAS SRN NANA \ \ 
be ea hte ae ne \ \ 
ZENE i 
SANA EAA eh \\ 


d 
FIGURE 9.2 (a) Slope field for i = y — x. (b) The particular solu- 


tion curve through the point (0 2) (Example 2). 


Figure 9.3 shows three slope fields and we see how the solution curves behave by fol- 
lowing the tangent line segments in these fields. Slope fields are useful because they dis- 
play the overall behavior of the family of solution curves for a given differential equation. 


Yor (Xo, Yo) 


r y = LO) = yo + flo, Yo — Xp) 


0) x0 


FIGURE 9.4 The linearization L(x) of 


y = y(x) at x = Xp. 


>X 


FIGURE 9.5 The first Euler step 
approximates y(x,) with y, = L(x). 
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FIGURE 9.3 Slope fields (top row) and selected solution curves (bottom row). In computer 
renditions, slope segments are sometimes portrayed with arrows, as they are here, but they 
should be considered as just tangent line segments. 


For instance, the slope field in Figure 9.3b reveals that every solution y(x) to the differen- 
tial equation specified in the figure satisfies lim,— +00 y(x) = 0. We will see that knowing 
the overall behavior of the solution curves is often critical to understanding and predicting 
outcomes in a real-world system modeled by a differential equation. 

Constructing a slope field with pencil and paper can be quite tedious. All our exam- 
ples were generated by computer software. 


Euler’s Method 


If we do not require or cannot immediately find an exact solution giving an explicit for- 
mula for an initial value problem y’ = f(x, y), y(%o) = yo, we can often use a computer to 
generate a table of approximate numerical values of y for values of x in an appropriate 
interval. Such a table is called a numerical solution of the problem, and the method by 
which we generate the table is called a numerical method. 

Given a differential equation dy/dx = f(x, y) and an initial condition y(xp) = yo, we 
can approximate the solution y = y(x) by its linearization 


L(x) = y%) + y'(%o)(% — Xo) or L(x) = yo + fo, YW) — Xo). 


The function L(x) gives a good approximation to the solution y(x) in a short interval about 
Xo (Figure 9.4). The basis of Euler’s method is to patch together a string of linearizations 
to approximate the curve over a longer stretch. Here is how the method works. 

We know the point (x9, yo) lies on the solution curve. Suppose that we specify a new 
value for the independent variable to be x} = x9 + dx. (Recall that dx = Ax in the defini- 
tion of differentials.) If the increment dx is small, then 


yy = LOX) = yo + fo, Yo) ax 


is a good approximation to the exact solution value y = y(x,). So from the point (x9, yo), 
which lies exactly on the solution curve, we have obtained the point (x), y,), which lies 
very close to the point (x), y(x,)) on the solution curve (Figure 9.5). 

Using the point (x), y,) and the slope f(x, y,) of the solution curve through (x, y;), 
we take a second step. Setting x. = x, + dx, we use the linearization of the solution curve 
through (x, y,) to calculate 


yo = Vy + F(X, yy) de. 
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FIGURE 9.6 Three steps in the Euler 
approximation to the solution of the initial 
value problem y’ = f(x, y), y(%o) = Yo. 
As we take more steps, the errors involved 
usually accumulate, but not in the 
exaggerated way shown here. 
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Leonhard Euler 


(1703-1783) 


This gives the next approximation (x, y.) to values along the solution curve y = y(x) 
(Figure 9.6). Continuing in this fashion, we take a third step from the point (x2, y2) with 
slope f(x2, y2) to obtain the third approximation 


y3 = yo + f(%, Yo) dx, 


and so on. We are literally building an approximation to one of the solutions by following 
the direction of the slope field of the differential equation. 

The steps in Figure 9.6 are drawn large to illustrate the construction process, so the 
approximation looks crude. In practice, dx would be small enough to make the red curve 
hug the blue one and give a good approximation throughout. 


EXAMPLE 3 Find the first three approximations y,, y>, y; using Euler’s method for 
the initial value problem 

Petty: WOH, 
starting at x» = O with dx = 0.1. 


Solution We have the starting values x) = 0 and yy) = 1. Next we determine the values 
of x at which the Euler approximations will take place: x; = x) + dx = 0.1, 
X = X% + 2dx = 0.2, and x3 = xy + 3dx = 0.3. Then we find 
First: Yi = Yo + F(X, yo) ax 
= yo + (1 + yo) dx 
=1+0+ 101) = 12 
Second: yo = y, + fy, y) dx 
=y, + (1 + yj) dx 
= 12+ + 1.2)0.1) = 1.42 
Third: y3 = Yo + f(%, yo) dx 
= y, + (1 + yy) de 
1.42 + (1 + 1.42)(0.1) = 1.662 ia 


The step-by-step process used in Example 3 can be continued easily. Using equally 
spaced values for the independent variable in the table for the numerical solution, and gen- 
erating 1 of them, set 


X; =X + dx 
Xo = x, + dx 
X, = Xp, + dx. 


Then calculate the approximations to the solution, 


Yt = Wo + FQ; Yo) ax 
yo = Vy + F(X, y) de 


Yn = Yn-1 + fQn-1 Yn—-1) dx. 


The number of steps n can be as large as we like, but errors can accumulate if n is too 
large. 

Euler’s method is easy to implement on a computer or calculator. The software pro- 
gram generates a table of numerical solutions to an initial value problem, allowing us to 
input x) and yo, the number of steps n, and the step size dx. It then calculates the approxi- 
mate solution values y,, y2, ..., y, in iterative fashion, as just described. 


0 1 


FIGURE 9.7 The graph of y = 2e* — 1 
superimposed on a scatterplot of the 
Euler approximations shown in Table 9.1 
(Example 4). 
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Solving the separable equation in Example 3, we find that the exact solution to the 
initial value problem is y = 2e* — 1. We use this information in Example 4. 


EXAMPLE 4 Use Euler’s method to solve 
yeoley, 70) =4, 


on the interval 0 = x <= 1, starting at x9 = O and taking (a) dx = 0.1 and (b) dx = 0.05. 
Compare the approximations with the values of the exact solution y = 2e* — 1. 


Solution 

(a) We used a computer to generate the approximate values in Table 9.1. The “error” col- 
umn is obtained by subtracting the unrounded Euler values from the unrounded val- 
ues found using the exact solution. All entries are then rounded to four decimal 
places. 


TABLE 9.1 Euler solution of y’ = 1 + y, y(O) = 1, 
step size dx = 0.1 

x y (Euler) y (exact) Error 
0 1 1 0 

0.1 1.2 1.2103 0.0103 
0.2 1.42 1.4428 0.0228 
0.3 1.662 1.6997 0.0377 
0.4 1.9282 1.9836 0.0554 
0.5 2.2210 2.2974 0.0764 
0.6 2.5431 2.6442 0.1011 
0.7 2.8974 3.0275 0.1301 
0.8 3.2872 3.4511 0.1639 
0.9 3.7159 3.9192 0.2033 
1.0 4.1875 4.4366 0.2491 


By the time we reach x = | (after 10 steps), the error is about 5.6% of the exact 
solution. A plot of the exact solution curve with the scatterplot of Euler solution 
points from Table 9.1 is shown in Figure 9.7. 


(b) One way to try to reduce the error is to decrease the step size. Table 9.2 shows the 
results and their comparisons with the exact solutions when we decrease the step size 
to 0.05, doubling the number of steps to 20. As in Table 9.1, all computations are per- 
formed before rounding. This time when we reach x = 1, the relative error is only 
about 2.9%. a 


It might be tempting to reduce the step size even further in Example 4 to obtain 
greater accuracy. Each additional calculation, however, not only requires additional com- 
puter time but more importantly adds to the buildup of round-off errors due to the approxi- 
mate representations of numbers inside the computer. 

The analysis of error and the investigation of methods to reduce it when making 
numerical calculations are important but are appropriate for a more advanced course. 
There are numerical methods more accurate than Euler’s method, usually presented in a 
further study of differential equations or in a numerical analysis course. 
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1+ y, yO) = 1, 


TABLE 9.2 Euler solution of y’ 


step size dx = 0.05 


y (exact) Error 


y (Euler) 


0.0025 
0.0053 
0.0084 
0.0118 


1.1025 
1.2103 
1.3237 
1.4428 
1.5681 
1.6997 
1.8381 
1.9836 
2.1366 
2.2974 
2.4665 
2.6442 
2.8311 
3.0275 
3.2340 
3.4511 
3.6793 
3.9192 
4.1714 
4.4366 


0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 


1.205 

1.3153 
1.4310 
1.5526 
1.6802 
1.8142 
1.9549 
2.1027 
2.2578 
2.4207 
2.5917 
2.7713 
2.9599 
3.1579 
3.3657 
3.5840 
3.8132 
4.0539 
4.3066 


0.0155 
0.0195 
0.0239 
0.0287 
0.0340 
0.0397 
0.0458 
0.0525 
0.0598 
0.0676 
0.0761 
0.0853 
0.0953 
0.1060 
0.1175 
0.1300 


1.00 


") 
5) 
a4 
) 
a 
co) 
< 
Lud 


SSA 


a<b-s aa 


TAWA \ 


| 
SANNA \ | 7p errr 
SNA \ | / 7 Ape 
Wee 6 eee 


NN 
)) 


Se ee Og 
\ | LAA 
SN \ 


NAY, 


RAY 


ae 


ANY, 


SNK \ 
N | SAA 


AY, 


\ 
Wee eee 


| itecad 


bp ed 
SSG ASSS™ 
F os 


(d) 


2y=yt1 


\ 
A 7 7477-— 
\ 


| 
| 


ALA. 
™~ 
N 
N 
\ 
‘ 
1. yy’ =xt+y 


Slope Fields 


alee Cala 
—N\ ASS 

i a \NeaH st 
WN] 747 (NA 


In Exercises 1-4, match the differential equations with their slope 
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fields, graphed here. 


NN ere 7. 


NN ea 


(a) 


In Exercises 5 and 6, copy the slope fields and sketch in some of the 
solution curves. 


5. y’ = (y + 2) - 2) 
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Integral Equations 
In Exercises 7-10, write an equivalent first-order differential equation 
and initial condition for y. 


-1+f (t — y(t)) dt 
1 


a y- f/f cat 
I 


9. ya2-f (1 + y(t) sin t dt 
0 


ll 


Ty 


10. y= 1 +f y(t) dt 
0 


Using Euler’s Method 
In Exercises 11-16, use Euler’s method to calculate the first three 
approximations to the given initial value problem for the specified 
increment size. Calculate the exact solution and investigate the accuracy 
of your approximations. Round your results to four decimal places. 
y 

Mey’ = 1-5 y2)=-1, de =05 
12, y =x —-y), yd)=0, dr =0.2 
13. y’ = 2xy + 2y, yO) = 3, dx = 0.2 
14. y =y+2n, y-l=1, d=05 

y 

y 


Il 


15. y' = 2xe", y(0) =2, dx=0.1 
16. y' = ye", y(0)=2, dx=05 
17. Use the Euler method with dx = 0.2 to estimate y(1) if y’ = y 
and y(O) = 1. What is the exact value of y(1)? 


18. Use the Euler method with dx = 0.2 to estimate y(2) if y’ = y/x 
and y(1) = 2. What is the exact value of (2)? 
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ll 


19. Use the Euler method with dx = 0.5 to estimate y(5) if y’ 
y?/Vx and y(1) = —1. What is the exact value of (5)? 


20. Use the Euler method with dx = 1/3 to estimate y(2) if y’ = 
x sin y and y(O) = 1. What is the exact value of y(2)? 


21. Show that the solution of the initial value problem 


yuxty, y(X) = Yo 


is 


y=-1-x+(+%+ ye”. 


22. What integral equation is equivalent to the initial value problem 
y’ = f@), y@o) = yo? 


COMPUTER EXPLORATIONS 
In Exercises 23-28, obtain a slope field and add to it graphs of the 
solution curves passing through the given points. 


23. y’ = y with 
a. (0,1) be (0, 2) ce. (0,—-1) 
24. y' = 2(y — 4) with 


a. (0, 1) b. (0, 4) c. (0,5) 
25. y’ = yx + y) with 

a. (0, 1) b. (0, —2) c. (0, 1/4) d. (-1,-1) 
26. y’ = y’ with 

a. (0, 1) b. (0, 2) ce. (0,—1) d. (0, 0) 
27. y' = (y — I + 2) with 

a. (0,-1) b. (0,1) c. (0, 3) d. (1, — 1) 
28. y’ = os ri with 

a. (0,2) b. (0-6) ec (-2V3,—-4) 


In Exercises 29 and 30, obtain a slope field and graph the particular 

solution over the specified interval. Use your CAS DE solver to find 

the general solution of the differential equation. 

29. A logistic equation y’ = y(2 — y), y(0) = 1/2; OS x $4, 
O=ys3 

30. y’' = (sinx)(siny), y(0)=2; -6=x=<=6, -6=y=6 

Exercises 31 and 32 have no explicit solution in terms of elementary 

functions. Use a CAS to explore graphically each of the differential 

equations. 

31. y =cos(2x— y),, wWO)=2; OSxS5, OS yS5 

32. A Gompertz equation y’ = y(1/2 —Iny), yO) = 1/3; 
O=x=4 OF ys3 

33. Use a CAS to find the solutions of y’ + y = f(x) subject to the 
initial condition y(0) = 0, if f(x) is 

c. 3e%/? d. 2e*/* cos 2x. 


Graph all four solutions over the interval —-2 = x = 6 to com- 
pare the results. 


a. 2x b. sin 2x 


34. a. Use a CAS to plot the slope field of the differential equation 
i: Oe AR + 2 
f 20 — 1 
over the region —-3 = x = 3and-3 Sy $3. 


b. Separate the variables and use a CAS integrator to find the 
general solution in implicit form. 
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c. Using a CAS implicit function grapher, plot solution curves 
for the arbitrary constant values C = —6, —4, —2, 0, 2, 4, 6. 


d. Find and graph the solution that satisfies the initial condition 
y(0) = -1. 


In Exercises 35-38, use Euler’s method with the specified step size to 
estimate the value of the solution at the given point x*. Find the value 
of the exact solution at x*. 


35. y' = 2xe", yO) =2, dx=O0.1, x* =1 

36. y' = 2-2, y2)=-1/2, de =O0.1, x* =3 
37. y' = Vx/y, y>0, yO)=1, de=01, x*=1 
38. y =1+y, y0)=0, dk=0.1, x*=1 


Use a CAS to explore graphically each of the differential equations in 
Exercises 39-42. Perform the following steps to help with your explo- 
rations. 


a. Plot a slope field for the differential equation in the given 
xy-window. 


b. Find the general solution of the differential equation using 
your CAS DE solver. 
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. Graph the solutions for the values of the arbitrary constant 


C = —2,-—1,0, 1, 2 superimposed on your slope field plot. 


. Find and graph the solution that satisfies the specified initial 


condition over the interval [ 0, b]. 


. Find the Euler numerical approximation to the solution of the 


initial value problem with 4 subintervals of the x-interval and 
plot the Euler approximation superimposed on the graph pro- 
duced in part (d). 


. Repeat part (e) for 8, 16, and 32 subintervals. Plot these three 


Euler approximations superimposed on the graph from part (e). 


. Find the error (y(exact) — y(Euler)) at the specified point 


x = b for each of your four Euler approximations. Discuss 
the improvement in the percentage error. 


=xty, y0)=—-7/10; -45x=4, -4sys4; 


=-—x/y, y0)=2; -3 5x53, -35y53;b=2 
=y2-—y), wO)=1/2; 0S x54,05y53;b=3 
= (sinx)(siny), y(0)=2; -6Sx=6, -6=y=6; 


A first-order linear differential equation is one that can be written in the form 


d 
ay + Poy = O00, (1) 


where P and Q are continuous functions of x. Equation (1) is the linear equation’s stan- 
dard form. Since the exponential growth/decay equation dy/dx = ky (Section 7.2) can 
be put in the standard form 


dy 
dx 1 = & 
we see it is a linear equation with P(x) = —k and Q(x) = 0. Equation (1) is linear (in y) 


because y and its derivative dy /dx occur only to the first power, they are not multiplied 
together, nor do they appear as the argument of a function ( such as sin y, e’, or Vdy/ dx). 


EXAMPLE 1 Put the following equation in standard form: 


dy_ 
x= = x° + 3y, x > 0. 


dx 
Solution 
dy 
Ye 2 
a + 3y 

d 

ih =xt 3, Divide by x. 
dy 3 = Standard form with P(x) = —3/x 
i xe and Q(x) = x 


Notice that P(x) is —3/x, not +3/x. The standard form is y’ + P(x)y = Q(x), so the 
minus sign is part of the formula for P(x). a 
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Solving Linear Equations 


We solve the equation 
ee 
de | POY = QO) 


by multiplying both sides by a positive function v(x) that transforms the left-hand side into 
the derivative of the product v(x) + y. We will show how to find v in a moment, but first we 
want to show how, once found, it provides the solution we seek. 

Here is why multiplying by v(x) works: 


dy Original equation is 
ae + P(x)y = Q(x) in standard form. 

d ; ss 

v(x) + P(x)u(x)y = v(x)O(x) Multiply by positive v(x). 
d v(x) is chosen to make 
as “y) = d 
dx (v(x) y) = v(x)Q(x) vu + Puy = fw “y). 
Integrate with respect 
v@)ry = / v(~)Q(x) dx to x. 


y= a : v(x) Q(x) dx (2) 


Equation (2) expresses the solution of Equation (1) in terms of the functions v(x) and 
Q(x). We call v(x) an integrating factor for Equation (1) because its presence makes the 
equation integrable. 

Why doesn’t the formula for P(x) appear in the solution as well? It does, but indi- 
rectly, in the construction of the positive function u(x). We have 


Mires ebay Condition i d 
ye Fe ry ‘ondition imposed on v 

d dy 

v + y@ = er + Puy Derivative Product Rule 
dv dy 
Vie = Puy The terms ie cancel. 

This last equation will hold if 

dv _ 

ae Pu 

a = Pdx Variables separated, v > 0 


dv 
/ a / Pdx Integrate both sides. 


Since v > 0, we do not need absolute 
Inv = P dx value signs in In v. 
gat = gf Pax Exponentiate both sides to solve for v. 


v= ef Pax (3) 


Thus a formula for the general solution to Equation (1) is given by Equation (2), where u(x) 
is given by Equation (3). However, rather than memorizing the formula, just remember how 
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to find the integrating factor once you have the standard form so P(x) is correctly identified. 
Any antiderivative of P works for Equation (3). 


To solve the linear equation y’ + P(x)y = Q(x), multiply both sides by the inte- 
grating factor v(x) = e/?) 4 and integrate both sides. 


When you integrate the product on the left-hand side in this procedure, you always obtain 


the product v(x)y of the integrating factor and solution function y because of the way v is 
defined. 


EXAMPLE 2 Solve the equation 


dy 
== x? + > 0. 
xa = 3y, x >0 
HISTORICAL BIOGRAPHY Solution First we put the equation in standard form (Example 1): 
Adrien Marie Legendre d 
(1752-1833) ae 


ax 


so P(x) = —3/x is identified. 
The integrating factor is 


= P(x) dx — (-3/x) dx 
v(x) ef ef Constant of integration is 0, 


=e3 In| so v is as simple as possible. 
= e230 40 

a Al 
= elnx = 


a (>) = 7 Left-hand side is fw *"y), 
1 1 ‘ 
—3y = | = ax Integrate both sides. 
x x 
1 1 
3 Vea + C, 


Solving this last equation for y gives the general solution: 


y v(-}+c) =-8+ 08 x > 0; | 


EXAMPLE 3 Find the particular solution of 
3xy’ —~y=Inx+ 1, x > 0, 


satisfying y(1) = —2. 
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Solution With x > 0, we write the equation in standard form: 


j 1 _Inx +1 
y 3x> 3x 
Then the integrating factor is given by 
v= ef —4x/3x = eA 1/3)Inx = 4-1/3, x>0 
Thus 
x Ty = sf ons a 1)x4/3 dx. Left-hand side is vy. 


Integration by parts of the right-hand side gives 
x M3y = —y1/3dn x + 1) + pe dx + C. 


Therefore 
x By = —xBdnx + 1) - 3x18 +C 
or, solving for y, 


y =—(nx + 4) + Cx! 
When x = | and y = —2 this last equation becomes 
—2=-0+4+6C, 
so 
C= 2. 
Substitution into the equation for y gives the particular solution 


y = 2x3 — Inx — 4. | 


In solving the linear equation in Example 2, we integrated both sides of the equation 
after multiplying each side by the integrating factor. However, we can shorten the amount 
of work, as in Example 3, by remembering that the left-hand side always integrates into 
the product v(x) - y of the integrating factor times the solution function. From Equation (2) 
this means that 


vax)y = | v(x)O(x) dx. (4) 


We need only integrate the product of the integrating factor v(x) with Q(x) on the right- 
hand side of Equation (1) and then equate the result with v(x)y to obtain the general solu- 
tion. Nevertheless, to emphasize the role of v(x) in the solution process, we sometimes 
follow the complete procedure as illustrated in Example 2. 

Observe that if the function Q(x) is identically zero in the standard form given by 
Equation (1), the linear equation is separable and can be solved by the method of 
Section 7.2: 


dy 
aq + POY = O@) 


® 2 Ppa : 
ae (xy = Q(x) = 0 


yp = —P(x) dx Separating the variables 
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FIGURE 9.8 The RL circuit in 
Example 4. 
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FIGURE 9.9 The growth of the current 
in the RL circuit in Example 4. / is the 
current’s steady-state value. The number 


t = L/R is the time constant of the circuit. 


The current gets to within 5% of its 
steady-state value in 3 time constants 
(Exercise 27). 


Exercises 9.2 | 


First-Order Linear Equations 


Solve the differential equations in Exercises 1-14. 
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RL Circuits 


The diagram in Figure 9.8 represents an electrical circuit whose total resistance is a con- 
stant R ohms and whose self-inductance, shown as a coil, is L henries, also a constant. 
There is a switch whose terminals at a and b can be closed to connect a constant electrical 
source of V volts. 
Ohm’s Law, V = RI, has to be augmented for such a circuit. The correct equation 

accounting for both resistance and inductance is 

di . 

L— + Ri= V, 5 

a (5) 
where i is the current in amperes and ¢ is the time in seconds. By solving this equation, we 
can predict how the current will flow after the switch is closed. 


EXAMPLE 4 The switch in the RL circuit in Figure 9.8 is closed at time t = 0. How 
will the current flow as a function of time? 


Solution Equation (5) is a first-order linear differential equation for i as a function of ¢. 
Its standard form is 


eee (6) 


and the corresponding solution, given that i = 0 when rf = 0, is 


i= 5 - pe eien, (7) 
(We leave the calculation of the solution for you to do in Exercise 28.) Since R and L are 


positive, —(R/L) is negative and e*/" > 0 as t > 00, Thus, 


lim i = lim (¥ = hevwitn) =V_Vig-¥ 


t-—>co t-—>co 


At any given time, the current is theoretically less than V/R, but as time passes, the cur- 
rent approaches the steady-state value V/R. According to the equation 
di —_ 
L ii + Ri = V, 

I = V/R is the current that will flow in the circuit if either L = 0 (no inductance) or 
di/dt = O (steady current, i = constant) (Figure 9.9). 

Equation (7) expresses the solution of Equation (6) as the sum of two terms: a 
steady-state solution V/R and a transient solution —(V/R)e*/" that tends to zero as 
t— oo, Oo 


d 
5. x2 + dy = 1-5 ee 


d x? 


d d ta ft x, 
Laxptyqe, x>0 2. eo + dey = 1 6 (1+ xy ty = Vx 1 2 Sey 
; 8. ey’ + 2e* y = 2x 9. xy’ — y = 2xInx 
3. xy’ + 3y = Sx > 0 P 
% ie go = Ky, HSH 
he OX se 


4, y’ + (tan x)y = cos? 


x, —m7/2<x< 7/2 


11. (¢ — 1924 4¢- 12s =t+1, t>1 


4 ds i — i 4 1 
12. (t T 1) di + 25 3(t T 1) T (+ 1?’ 


13. sing + (cos @#)r = tnd, 0<0< 7/2 


14. tanéd—+r=sin’ 0, 0<0< 7/2 


Solving Initial Value Problems 
Solve the initial value problems in Exercises 15—20. 


15. 42 =3, yO =1 
-at Vas, WO) = 

dy 
16. tt wee, t>0, y2)=1 

dy : 
17. 079 ty = sin@, 8@>0, ya/2)=1 

dy 
18. O79 — 2y = sec 6 tan 6, 6>0, ya/3)=2 

1 dy 2 4 a e = 
19, (+ Ie 20> + x)y Paria E x>-Il1, yO)=5 
50 days 0) = -6 
* dx xy = x, y(0) = 


21. Solve the exponential growth / decay initial value problem for y 
as a function of t by thinking of the differential equation as a first- 
order linear equation with P(x) = —k and Q(x) = 0: 


dy 
en ky (kconstant), y(0) = yo 


22. Solve the following initial value problem for wu as a function of f: 


a + a = 0 (kandm positive constants), u(0) = up 


a. as a first-order linear equation. 


b. as a separable equation. 


Theory and Examples 
23. Is either of the following equations correct? Give reasons for your 
answers. 


a. xf fede = xIn +C Ob. xf fae = xin + Cx 


24. Is either of the following equations correct? Give reasons for your 
answers. 


di 
a. carg| 608 a =tanx+C 


b. 


COS X COS xX 


| cos x dx = tanx + 

25. Current in a closed RL circuit How many seconds after the 
switch in an RL circuit is closed will it take the current i to reach 
half of its steady-state value? Notice that the time depends on R 
and L and not on how much voltage is applied. 
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26. Current in an open RL circuit If the switch is thrown open 
after the current in an RL circuit has built up to its steady-state 
value J = V/R, the decaying current (see accompanying figure) 
obeys the equation 

di F 
se = 
Eb FF Ri = 0, 
which is Equation (5) with V = 0. 
a. Solve the equation to express i as a function of t. 
b. How long after the switch is thrown will it take the current to 
fall to half its original value? 


c. Show that the value of the current when t = L/R is I/e. (The 
significance of this time is explained in the next exercise.) 


IS 


aI 


>t 


It 
N 

BIDE 
we 

Pit 


27. Time constants Engineers call the number L/R the time constant 
of the RL circuit in Figure 9.9. The significance of the time con- 
stant is that the current will reach 95% of its final value within 3 
time constants of the time the switch is closed (Figure 9.9). Thus, 
the time constant gives a built-in measure of how rapidly an indi- 
vidual circuit will reach equilibrium. 


a. Find the value of i in Equation (7) that corresponds to 
t = 3L/R and show that it is about 95% of the steady-state 
value [ = V/R. 


b. Approximately what percentage of the steady-state current 
will be flowing in the circuit 2 time constants after the switch 
is closed (i.e., when t = 2L/R)? 

28. Derivation of Equation (7) in Example 4 


a. Show that the solution of the equation 


is 


i= y + CeR/bM, 


b. Then use the initial condition i(0) = O to determine the value 
of C. This will complete the derivation of Equation (7). 


c. Show that i = V/R is a solution of Equation (6) and that 
i = Ce */! satisfies the equation 
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we have n = 2, so that u = y!~? = y! and du/dx = 
r ucateanenen pieieiaanacacins —y? dy/dx. Then dy/dx = —y* du/dx = —u du/dx. 


dames Bomioulh Substitution into the original equation gives 


(1654-1705) 


A Bernoulli differential equation is of the form du Hl ox, 


dy 
—— a. pi = igs 
ae @y = Oy or, equivalently, 


Observe that, if n = 0 or 1, the Bernoulli equation is linear. 
For other values of n, the substitution u = y!~" transforms —+u=-—e. 
the Bernoulli equation into the linear equation 


du This last equation is linear in the (unknown) dependent variable wu. 
et (1 — n)P@)u = (1 — n)QQa). 
* Solve the Bernoulli equations in Exercises 29-32. 


For example, in the equation 2 


29. y' -y=-—y 30. y’ —y =x” 


ys erty? 31. xy +y=y? 32. xy’ + 2xy = y3 


9 ° 3 Applications 


We now look at four applications of first-order differential equations. The first application 
analyzes an object moving along a straight line while subject to a force opposing its 
motion. The second is a model of population growth. The third application considers a 
curve or curves intersecting each curve in a second family of curves orthogonally (that is, 
at right angles). The final application analyzes chemical concentrations entering and leav- 
ing a container. The various models involve separable or linear first-order equations. 


Motion with Resistance Proportional to Velocity 


In some cases it is reasonable to assume that the resistance encountered by a moving object, 
such as a car coasting to a stop, is proportional to the object’s velocity. The faster the object 
moves, the more its forward progress is resisted by the air through which it passes. Picture 
the object as a mass m moving along a coordinate line with position function s and velocity 
v at time ¢. From Newton’s second law of motion, the resisting force opposing the motion is 


j du 
Force = mass X acceleration = mt: 


If the resisting force is proportional to velocity, we have 


du _ dv __k 
mt ku or aT mv (k > O). 
This is a separable differential equation representing exponential change. The solution to 
the equation with initial condition v = vp at t = 0 is (Section 7.2) 


v = upe kim, (1) 


What can we learn from Equation (1)? For one thing, we can see that if m is some- 
thing large, like the mass of a 20,000-ton ore boat in Lake Erie, it will take a long time for 
the velocity to approach zero (because t must be large in the exponent of the equation in 
order to make kt/m large enough for v to be small). We can learn even more if we inte- 
grate Equation (1) to find the position s as a function of time ¢. 

Suppose that an object is coasting to a stop and the only force acting on it is a resis- 
tance proportional to its speed. How far will it coast? To find out, we start with Equation 
(1) and solve the initial value problem 

ds 


a ve K/mt, s(O) = 0. 


In the English system, in which weight is 
measured in pounds, mass is measured in 


slugs. Thus, 
Pounds = slugs X 32, 


assuming the gravitational constant is 
32 ft/sec’. 
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Integrating with respect to ¢ gives 


5 =” mt 4 
k 
Substituting s = 0 when t = 0 gives 
f= Uo. d ca tom 
= k an = 
The body’s position at time ¢ is therefore 
Ugm Up Vom 
s(0) _ ae a aie sh eo = Ul _ e Him)ty (2) 


To find how far the body will coast, we find the limit of s(t) as t— co. Since —(k/m) < 0, 
we know that e“/"! — 0 as t— 00, so that 


Vom 
lim s(t) = lim nee él = e (k/m)t) 
too t—00 


_ Ym. _ volt 
re (1 — 0) ee 
Thus, 
; Vom 
Distance coasted = eo (3) 


The number vpm/k is only an upper bound (albeit a useful one). It is true to life in one 
respect, at least: If m is large, the body will coast a long way. 


EXAMPLE 1 For a 192-Ib ice skater, the k in Equation (1) is about 1/3 slug /sec and 
m = 192/32 = 6 slugs. How long will it take the skater to coast from 11 ft/sec (7.5 
mph) to | ft/sec? How far will the skater coast before coming to a complete stop? 


Solution We answer the first question by solving Equation (1) for ¢: 


lle 8 = 1 
gus = 1/1 
—t/18 = In(1/11) = —In11 
t= 18In11 ~ 43sec. 


Eq. (1) with k = 1/3, 


m= 6,v = ll,v=1 


We answer the second question with Equation (3): 


vom _ 11+6 


k 1/3 
198 ft. | 


Distance coasted 


Inaccuracy of the Exponential Population Growth Model 
In Section 7.2 we modeled population growth with the Law of Exponential Change: 


dP _ _ 

Tie kP, P(O) = Py 

where P is the population at time ¢, k > 0 is a constant growth rate, and Pp is the size of 

the population at time ¢ = 0. In Section 7.2 we found the solution P = Poe“ to this model. 
To assess the model, notice that the exponential growth differential equation says that 


dP/dt _ 
pak (4) 
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A World population (1980-2008) 
7000 |- 


P = 445400017 
5000 


L Ly} 
4000, i0 rig 


FIGURE 9.10 Notice that the value of 
the solution P = 4454e°°!7' is 7169 when 
t = 28, which is nearly 7% more than the 
actual population in 2008. 


Orthogonal trajectory 


FIGURE 9.11 An orthogonal trajec- 
tory intersects the family of curves at right 
angles, or orthogonally. 


FIGURE 9.12 Every straight line through 
the origin is orthogonal to the family of 
circles centered at the origin. 


TABLE 9.3 World population (midyear) 
Population 
Year (millions) AP/P 
1980 4454 76/4454 ~ 0.0171 
1981 4530 80/4530 ~ 0.0177 
1982 4610 80/4610 ~ 0.0174 
1983 4690 80/4690 ~ 0.0171 
1984 4770 81/4770 ~ 0.0170 
1985 4851 82/4851 ~ 0.0169 
1986 4933 85/4933 ~ 0.0172 
1987 5018 87/5018 = 0.0173 
1988 5105 85/5105 = 0.0167 
1989 5190 


Source: U.S. Bureau of the Census (Sept., 2007): www.census 


-gov/ipc/www/idb. 


is constant. This rate is called the relative growth rate. Now, Table 9.3 gives the world 
population at midyear for the years 1980 to 1989. Taking dt = 1 and dP ~ AP, we see 
from the table that the relative growth rate in Equation (4) is approximately the constant 
0.017. Thus, based on the tabled data with f = 0 representing 1980, t = 1 representing 
1981, and so forth, the world population could be modeled by the initial value problem, 
a = 0.017P, P(O) = 4454. 

The solution to this initial value problem gives the population function P = 4454e 
year 2008 (so t = 28), the solution predicts the world population in midyear to be about 
7169 million, or 7.2 billion (Figure 9.10), which is more than the actual population of 
6707 million from the U.S. Bureau of the Census. A more realistic model would consider 
environmental and other factors affecting the growth rate, which has been steadily declin- 
ing to about 0.012 since 1987. We consider one such model in Section 9.4. 


0.017¢ In 


Orthogonal Trajectories 


An orthogonal trajectory of a family of curves is a curve that intersects each curve of the 
family at right angles, or orthogonally (Figure 9.11). For instance, each straight line 
through the origin is an orthogonal trajectory of the family of circles x? + y* = a’, cen- 
tered at the origin (Figure 9.12). Such mutually orthogonal systems of curves are of particu- 
lar importance in physical problems related to electrical potential, where the curves in one 
family correspond to strength of an electric field and those in the other family correspond to 


constant electric potential. They also occur in hydrodynamics and heat-flow problems. 


EXAMPLE 2 Find the orthogonal trajectories of the family of curves xy = a, where 
a # Ois an arbitrary constant. 


Solution The curves xy = a forma family of hyperbolas having the coordinate axes as 
asymptotes. First we find the slopes of each curve in this family, or their dy /dx values. 
Differentiating xy = a implicitly gives 


dy _ dy__y 
Aor or ax xX 


FIGURE 9.13 Each curve is orthogonal 
to every curve it meets in the other family 
(Example 2). 
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Thus the slope of the tangent line at any point (x, y) on one of the hyperbolas xy = a is 
y’ = —y/x. On an orthogonal trajectory the slope of the tangent line at this same point 
must be the negative reciprocal, or x /y. Therefore, the orthogonal trajectories must satisfy 


the differential equation 


This differential equation is separable and we solve it as in Section 7.2: 


ydy = xdx Separate variables. 


/ ydy = / x dx Integrate both sides. 
1 


J.2— 41,2 
ay ax a OF 


Pose =s, (5) 


where b = 2C is an arbitrary constant. The orthogonal trajectories are the family of 
hyperbolas given by Equation (5) and sketched in Figure 9.13. a 


Mixture Problems 


Suppose a chemical in a liquid solution (or dispersed in a gas) runs into a container hold- 
ing the liquid (or the gas) with, possibly, a specified amount of the chemical dissolved as 
well. The mixture is kept uniform by stirring and flows out of the container at a known 
rate. In this process, it is often important to know the concentration of the chemical in the 
container at any given time. The differential equation describing the process is based on 
the formula 


Rate of change rate at which rate at which 
of amount = chemical = chemical]. (6) 
in container arrives departs. 


If y(4) is the amount of chemical in the container at time ¢ and V(t) is the total volume of 
liquid in the container at time f, then the departure rate of the chemical at time f is 


y(t) 


Departure rate = vo + (outflow rate) 


= ( concentration in 


= ‘ : ) - (outflow rate). (7) 
container at time f 
Accordingly, Equation (6) becomes 


aed = (chemical’s arrival rate) — yO | (outflow rate) (8) 
dt vin) , 


If, say, y is measured in pounds, V in gallons, and ¢ in minutes, the units in Equation (8) are 


pounds pounds pounds gallons 


minutes minutes gallons minutes’ 


EXAMPLE 3 In an oil refinery, a storage tank contains 2000 gal of gasoline that ini- 
tially has 100 Ib of an additive dissolved in it. In preparation for winter weather, gasoline 
containing 2 lb of additive per gallon is pumped into the tank at a rate of 40 gal/min. 
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The well-mixed solution is pumped out at a rate of 45 gal/min. How much of the additive 
is in the tank 20 min after the pumping process begins (Figure 9.14)? 


40 gal/min containing 2 lb/gal 


45 gal/min containing + Ib/gal 


e 


FIGURE 9.14 The storage tank in Example 3 mixes input 
liquid with stored liquid to produce an output liquid. 


Solution Let y be the amount (in pounds) of additive in the tank at time t. We know that 
y = 100 when ¢ = 0. The number of gallons of gasoline and additive in solution in the 
tank at any time f is 


= 2000 gal + (408 — 458) mi 
Vit) = ga an maa (t min) 


= (2000 — 5d) gal. 


Therefore, 
Rate out = yO - outflow rate Eq. (7 
y Outflow rate is 45 gal/min 
= | 5000 — 51) and V = 2000 — 52. 
eee eee 
2000 — 5t min’ 
Also, 
al 
Rate in = (2 (40 = ) 
gal min 
= go 
min 


The differential equation modeling the mixture process is 


dy _ 45y 
dt iia 2000 — 5t 


Eq. (8) 
in pounds per minute. 
To solve this differential equation, we first write it in standard linear form: 


dy 4 45 
dt | 2000 — 5t> 


Thus, P(t) = 45/(2000 — 5t) and Q(t) = 80. The integrating factor is 


= 80. 


v(t) = ef Pt = al amit 
= ¢-9 In (2000-54) 2000 — 51 > 0 
(2000 — 51) °. 


Exercises |} eo 


Motion Along a Line 
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Multiplying both sides of the standard equation by v(t) and integrating both sides gives 


ag (2 45 
= Oe 
=u) (2 * 3000 — 51? 


) = 80(2000 — 51)? 


d 
(2000 — St)? “ + 45(2000 — 52)!’ y = 80(2000 — Sr)? 


| (2000 — 5t)°y] = 80(2000 — 51)? 
(2000 — 5t)%y = / 80(2000 — 5#)~? dt 


(2000 — 5r)° 


2000 — 5t)°y = 80 + C. 
“ C8R5) 
The general solution is 
y = 2(2000 — 51) + C(2000 — 50)”. 
Because y = 100 when t = 0, we can determine the value of C: 
100 = 2(2000 — 0) + C(2000 — 0)? 
3900 
Cc=- : 
(2000)? 
The particular solution of the initial value problem is 
3900 
= 2(2000 — 5t 2000 — 52)”. 
y = 2 ) (2000) ‘ ) 
The amount of additive in the tank 20 min after the pumping begins is 
y(20) = 2[ 2000 — 5(20) ] a [2000 — 5(20)]? ~ 1342 Ib. a 
(2000)? 


Equation (1) of about 59,000 kg/sec. Assume that the ship loses 


1. Coasting bicycle A 66-kg cyclist on a 7-kg bicycle starts coast- power when it is moving at a speed of 9 m/sec. 


ing on level ground at 9 m/sec. The k in Equation (1) is about 3.9 


kg/sec. 


a. About how far will the ship coast before it is dead in the water? 


b. About how long will it take the ship’s speed to drop to 1 m/sec? 


a. About how far will the cyclist coast before reaching a com- 


plete stop? 


b. How long will it take the cyclist’s speed to drop to 1 m/sec? 


3. The data in Table 9.4 were collected with a motion detector and a 
CBL™ by Valerie Sharritts, then a mathematics teacher at St. Fran- 
cis DeSales High School in Columbus, Ohio. The table shows the 


2. Coasting battleship Suppose that an Iowa class battleship has distance s (meters) coasted on inline skates in ¢ sec by her daughter 
mass around 51,000 metric tons (51,000,000 kg) and a k value in Ashley when she was 10 years old. Find a model for Ashley’s 


556 Chapter 9: First-Order Differential Equations 


position given by the data in Table 9.4 in the form of Equation (2). Orthogonal Trajectories 
Her initial velocity was vg = 2.75 m/sec, her mass m = 39.92 kg In Exercises 5—10, find the orthogonal trajectories of the family of 
(she weighed 88 Ib), and her total coasting distance was 4.91 m. curves. Sketch several members of each family. 
5. y= mx 6. y = cx 
TABLE 9.4 Ashley Sharritts skating data ke + pad 8 2+y~=e 
t (sec) s (m) t (sec) s (m) t (sec) s (m) 9. y = ce* 10. y= & 
0 0 2.24 3.05 4.48 4.77 11. Show that the curves 2x” + 3y? = 5 and y* = x° are orthogonal. 
0.16 0.31 2.40 3.22 4.64 4.82 12. Find the family of solutions of the given differential equation and 
0.32 0.57 2.56 3.38 4.80 4.84 the family of orthogonal trajectories. Sketch both families. 
a. xdx + ydy = 0 b. xdy — 2ydx = 0 


0.48 0.80 2.72 3.52 4.96 4.86 


0.64 1.05 2.88 3.67 5.12 4.88 Mixture Problems 
0.80 1.28 3.04 3.82 5.28 4.89 13. Salt mixture A tank initially contains 100 gal of brine in which 


50 lb of salt are dissolved. A brine containing 2 Ib / gal of salt runs 


0.96 1.50 3.20 3.96 5.44 4.90 into the tank at the rate of 5 gal/min. The mixture is kept uniform 
1.12 1:72 3.36 4.08 5.60 4.90 by stirring and flows out of the tank at the rate of 4 gal / min. 
1.28 1.93 3.52 4.18 5.76 49] a. At what rate (pounds per minute) does salt enter the tank at 


time ¢? 


1.44 2.09 3.68 4.31 5.92 4.90 
1.60 2.30 3.84 4.41 6.08 4.91 


b. What is the volume of brine in the tank at time f? 


c. At what rate (pounds per minute) does salt leave the tank at 


1.76 2.53 4.00 4.52 6.24 4.90 time 1? 
1.92 2.73 4.16 4.63 6.40 4.91 d. Write down and solve the initial value problem describing the 
2.08 2.89 4.32 4.69 6.56 4.91 mixing process. 


e. Find the concentration of salt in the tank 25 min after the 
process starts. 


4. Coasting to a stop Table 9.5 shows the distance s (meters) 


coasted on inline skates in terms of time t (seconds) by Kelly 14. Mixture problem A 200-gal tank is half full of distilled water. 
Schmitzer. Find a model for her position in the form of Equation At time ¢ = 0, a solution containing 0.5 Ib/gal of concentrate 
(2). Her initial velocity was vp = 0.80 m/sec, her mass enters the tank at the rate of 5 gal/min, and the well-stirred mix- 
m = 49.90 kg (110 Ib), and her total coasting distance was 1.32 m. ture is withdrawn at the rate of 3 gal/min. 
a. At what time will the tank be full? 
TABLE 9.5 Kelly Schmitzer skating data b. At the time the tank is full, how many pounds of concentrate 
will it contain? 
t (sec) s (m) t (sec) s (m) t (sec) s (m) 15. Fertilizer mixture A tank contains 100 gal of fresh water. A 
solution containing 1 Ib/gal of soluble lawn fertilizer runs into 
0 0 1.5 0.89 3.1 1.30 the tank at the rate of 1 gal/min, and the mixture is pumped out 
0.1 0.07 Ley 0.97 3.3 1.31 of the tank at the rate of 3 gal /min. Find the maximum amount of 
0.3 0.22 1.9 1.05 3.5 1.32 fertilizer in the tank and the time required to reach the maximum. 
0.5 0.36 21 1.11 3.7 1.32 16. Carbon monoxide pollution An executive conference room of a 
, : j : ; : corporation contains 4500 ft? of air initially free of carbon monox- 
0.7 0.49 2.3 1.17 3.9 1.32 ide. Starting at time ¢ = 0, cigarette smoke containing 4% carbon 
0.9 0.60 2.5 1,22 4.1 1.32 monoxide is blown into the room at the rate of 0.3 ft?/min. A ceil- 
ing fan keeps the air in the room well circulated and the air leaves 
Ll 71 py, 1,2 4. 1.32 he P 
? : 3 the room at the same rate of 0.3 ft?/min. Find the time when the 
1.3 0.81 2.9 1.28 4.5 1.32 concentration of carbon monoxide in the room reaches 0.01%. 


9.4 Graphical Solutions of Autonomous Equations 


In Chapter 4 we learned that the sign of the first derivative tells where the graph of a func- 
tion is increasing and where it is decreasing. The sign of the second derivative tells the 
concavity of the graph. We can build on our knowledge of how derivatives determine the 
shape of a graph to solve differential equations graphically. We will see that the ability to 
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discern physical behavior from graphs is a powerful tool in understanding real-world sys- 
tems. The starting ideas for a graphical solution are the notions of phase line and equilib- 
rium value. We arrive at these notions by investigating, from a point of view quite diff- 
erent from that studied in Chapter 4, what happens when the derivative of a differentiable 
function is zero. 


Equilibrium Values and Phase Lines 
When we differentiate implicitly the equation 


eIn (Sy = Bye eet, 


we obtain 


1 5 dy 1 
5\5y— 15)dx 


Solving for y’ = dy/dx we find y’ = Sy — 15 = 5(y — 3). In this case the derivative y’ 
is a function of y only (the dependent variable) and is zero when y = 3. 

A differential equation for which dy /dx is a function of y only is called an autonomous 
differential equation. Let’s investigate what happens when the derivative in an autonomous 
equation equals zero. We assume any derivatives are continuous. 


DEFINITION If dy/dx = g(y) is an autonomous differential equation, then the 
values of y for which dy/dx = 0 are called equilibrium values or rest points. 


Thus, equilibrium values are those at which no change occurs in the dependent vari- 
able, so y is at rest. The emphasis is on the value of y where dy/dx = 0, not the value of 
x, as we studied in Chapter 4. For example, the equilibrium values for the autonomous 
differential equation 


dy _ 
R7OtDO-2 


are y = —l andy = 2. 

To construct a graphical solution to an autonomous differential equation, we first 
make a phase line for the equation, a plot on the y-axis that shows the equation’s equilib- 
rium values along with the intervals where dy /dx and d’y/dx* are positive and negative. 
Then we know where the solutions are increasing and decreasing, and the concavity of the 
solution curves. These are the essential features we found in Section 4.4, so we can deter- 
mine the shapes of the solution curves without having to find formulas for them. 


EXAMPLE 1 Draw a phase line for the equation 


dy _ 
7 OtDO-2 


and use it to sketch solutions to the equation. 


Solution 
1. Draw a number line for y and mark the equilibrium values y = —1 and y = 2, where 
dy/dx = 0. 
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2. 
3. 
y 
A 
y’ >0 
y" > 0 
FIGURE 9.15 Graphical solutions from 
Example 1 include the horizontal lines 4, 


y = —1 and y = 2 through the equilib- 
rium values. No two solution curves can 
ever cross or touch each other. 


Identify and label the intervals where y' > 0 and y' < 0. This step resembles what 
we did in Section 4.3, only now we are marking the y-axis instead of the x-axis. 


| | 

| I 

| | 

y' >0 y' <0 y >0 

© © >y 


-l 2 


We can encapsulate the information about the sign of y’ on the phase line itself. 
Since y’ > 0 on the interval to the left of y = —1, a solution of the differential equa- 
tion with a y-value less than —1 will increase from there toward y = —1. We display 
this information by drawing an arrow on the interval pointing to —1. 


———S> e —e O —_—>— J 
=] 2 
Similarly, y’ < 0 between y = —1 and y = 2, so any solution with a value in 
this interval will decrease toward y = —1. 


For y > 2, we have y’ > 0, so a solution with a y-value greater than 2 will 
increase from there without bound. 

In short, solution curves below the horizontal line y = —1 in the xy-plane rise 
toward y = —1. Solution curves between the lines y = —1 and y = 2 fall away from 
y = 2 toward y = —1. Solution curves above y = 2 rise away from y = 2 and keep 
going up. 


Calculate y" and mark the intervals where y" > 0 and y" < 0. To find y", we dif- 
ferentiate y’ with respect to x, using implicit differentiation. 


y=Vyvyt+tb)o-2=y-y-2 Formula for y’... 


” d , d 2 
iS) a ee 
= 2yy' a y’ differentiated implicitly 
7 with respect to x 
= (y — Dy’ 
= Qy — DO + DO — 2). 


From this formula, we see that y” changes sign at y = —1, y = 1/2, and y = 2. We 
add the sign information to the phase line. 


y>Oo | y<0 | y<0 | y>0 
y" <0 y">0 y"<0 y">0 
/——— |______.. oe | gq > 
-1 1 2 
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Sketch an assortment of solution curves in the xy-plane. The horizontal lines 
y =—l,y = 1/2, and y = 2 partition the plane into horizontal bands in which we 
know the signs of y’ and y”. In each band, this information tells us whether the solu- 
tion curves rise or fall and how they bend as x increases (Figure 9.15). 

The “equilibrium lines” y = —1 and y = 2 are also solution curves. (The constant 
functions y = —1 and y = 2 satisfy the differential equation.) Solution curves that cross 
the line y = 1/2 have an inflection point there. The concavity changes from concave 
down (above the line) to concave up (below the line). 

As predicted in Step 2, solutions in the middle and lower bands approach the 
equilibrium value y = —1 as x increases. Solutions in the upper band rise steadily 
away from the value y = 2. a 
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FIGURE 9.16 First step in construct- 
ing the phase line for Newton’s Law of 
Cooling. The temperature tends toward the 
equilibrium (surrounding-medium) value 
in the long run. 
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FIGURE 9.17 The complete phase line 
for Newton’s Law of Cooling. 
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FIGURE 9.18 Temperature versus 
time. Regardless of initial temperature, 
the object’s temperature H(t) tends toward 
15°C, the temperature of the surrounding 
medium. 
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Stable and Unstable Equilibria 


Look at Figure 9.15 once more, in particular at the behavior of the solution curves near the 
equilibrium values. Once a solution curve has a value near y = —1, it tends steadily 
toward that value; y = —1 is a stable equilibrium. The behavior near y = 2 is just the 
opposite: All solutions except the equilibrium solution y = 2 itself move away from it as 
x increases. We call y = 2 an unstable equilibrium. If the solution is at that value, it 
stays, but if it is off by any amount, no matter how small, it moves away. (Sometimes an 
equilibrium value is unstable because a solution moves away from it only on one side of 
the point.) 

Now that we know what to look for, we can already see this behavior on the initial 
phase line (the second diagram in Step 2 of Example 1). The arrows lead away from 
y = 2 and, once to the left of y = 2, toward y = —1. 

We now present several applied examples for which we can sketch a family of solu- 
tion curves to the differential equation models using the method in Example 1. 


Newton’s Law of Cooling 


In Section 7.2 we solved analytically the differential equation 


oF — KH - Hy), k>0 
modeling Newton’s Law of Cooling. Here H is the temperature of an object at time ¢ and 
Hy is the constant temperature of the surrounding medium. 

Suppose that the surrounding medium (say, a room in a house) has a constant Celsius 
temperature of 15°C. We can then express the difference in temperature as H(t) — 15. 
Assuming H is a differentiable function of time t, by Newton’s Law of Cooling, there is a 
constant of proportionality k > 0 such that 


dH 
ie —k(H — 15) (1) 
(minus k to give a negative derivative when H > 15). 
Since dH/dt = 0 at H = 15, the temperature 15°C is an equilibrium value. If 
H > 15, Equation (1) tells us that (H — 15) > 0 and dH/dt < 0. If the object is hotter 
than the room, it will get cooler. Similarly, if H < 15, then (H — 15) <0 and 
dH/dt > 0. An object cooler than the room will warm up. Thus, the behavior described 
by Equation (1) agrees with our intuition of how temperature should behave. These obser- 
vations are captured in the initial phase line diagram in Figure 9.16. The value H = 15 is 
a stable equilibrium. 
We determine the concavity of the solution curves by differentiating both sides of 
Equation (1) with respect to f: 


d {dH d 

4 (a) gr ha 2) 
@H __dH 
dt’ dt 


Since —k is negative, we see that d*H/dt" is positive when dH/dt < 0 and negative when 
dH /dt > 0. Figure 9.17 adds this information to the phase line. 

The completed phase line shows that if the temperature of the object is above the 
equilibrium value of 15°C, the graph of H(t) will be decreasing and concave upward. If the 
temperature is below 15°C (the temperature of the surrounding medium), the graph of H(1) 
will be increasing and concave downward. We use this information to sketch typical solu- 
tion curves (Figure 9.18). 
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FIGURE 9.19 An object falling under the 
propulsion due to gravity, with a resistive 
force assumed to be proportional to the 
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FIGURE 9.20 Initial phase line for the 
falling body encountering resistance. 


From the upper solution curve in Figure 9.18, we see that as the object cools down, 
the rate at which it cools slows down because dH /dt approaches zero. This observation is 
implicit in Newton’s Law of Cooling and contained in the differential equation, but the 
flattening of the graph as time advances gives an immediate visual representation of the 
phenomenon. 


A Falling Body Encountering Resistance 


Newton observed that the rate of change in momentum encountered by a moving object is 
equal to the net force applied to it. In mathematical terms, 


a@ 

B= ym) (2) 
where F is the net force acting on the object, and m and v are the object’s mass and veloc- 
ity. If m varies with time, as it will if the object is a rocket burning fuel, the right-hand side 


of Equation (2) expands to 


using the Derivative Product Rule. In many situations, however, m is constant, dm/dt = 0, 
and Equation (2) takes the simpler form 


F=m— or F = ma, (3) 


known as Newton’s second law of motion (see Section 9.3). 
In free fall, the constant acceleration due to gravity is denoted by g and the one force 
propelling the body downward is 


F, = mg, 


the force due to gravity. If, however, we think of a real body falling through the air—say, a 
penny from a great height or a parachutist from an even greater height—we know that at some 
point air resistance is a factor in the speed of the fall. A more realistic model of free fall would 
include air resistance, shown as a force F, in the schematic diagram in Figure 9.19. 

For low speeds well below the speed of sound, physical experiments have shown that 
F, is approximately proportional to the body’s velocity. The net force on the falling body 
is therefore 


F=F,~— F,, 
giving 
me = mg — kv 
du k 
Weg dy, (4) 


We can use a phase line to analyze the velocity functions that solve this differential equation. 
The equilibrium point, obtained by setting the right-hand side of Equation (4) equal to 
Zero, 1S 


mg 


k 


v= 


If the body is initially moving faster than this, dv/dt is negative and the body slows 
down. If the body is moving at a velocity below mg/k, then du/dt > 0 and the body 
speeds up. These observations are captured in the initial phase line diagram in Figure 9.20. 


I 
| 
du du 
a ! do 
2 | 2 
f¥<g | £¥%>0 
dt f ar 
— e << —@ >vU 
mg 
k. 


FIGURE 9.21 The completed phase line 
for the falling body. 
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FIGURE 9.22 Typical velocity curves for 
a falling body encountering resistance. The 
value v = mg/k is the terminal velocity. 
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FIGURE 9.23 The initial phase line for 
logistic growth (Equation 6). 
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We determine the concavity of the solution curves by differentiating both sides of 
Equation (4) with respect to f: 


dv _d k k du 
az dat\&~ m” ™ dt’ 


We see that d?v/dt? <0 when v < mg/k and d’v/dt? > 0 when v > mg/k. 
Figure 9.21 adds this information to the phase line. Notice the similarity to the phase line 
for Newton’s Law of Cooling (Figure 9.17). The solution curves are similar as well 
(Figure 9.22). 

Figure 9.22 shows two typical solution curves. Regardless of the initial velocity, we 
see the body’s velocity tending toward the limiting value v = mg/k. This value, a stable 
equilibrium point, is called the body’s terminal velocity. Skydivers can vary their termi- 
nal velocity from 95 mph to 180 mph by changing the amount of body area opposing the 
fall, which affects the value of k. 


Logistic Population Growth 


In Section 9.3 we examined population growth using the model of exponential change. 
That is, if P represents the number of individuals and we neglect departures and arrivals, 
then 


dP 
in KP, (5) 
where k > 0 is the birth rate minus the death rate per individual per unit time. 

Because the natural environment has only a limited number of resources to sustain 
life, it is reasonable to assume that only a maximum population M can be accommodated. 
As the population approaches this limiting population or carrying capacity, resources 
become less abundant and the growth rate k decreases. A simple relationship exhibiting 
this behavior is 


k=r(M — P), 


where r > 0 is a constant. Notice that k decreases as P increases toward M and that k is 
negative if P is greater than M. Substituting r(M — P) for k in Equation (5) gives the dif- 
ferential equation 


e = 7(M — P)P = rMP — rP?. (6) 


The model given by Equation (6) is referred to as logistic growth. 

We can forecast the behavior of the population over time by analyzing the phase line 
for Equation (6). The equilibrium values are P = M and P = 0, and we can see that 
dP/dt > 0 if 0 < P <M and dP/dt < 0 if P > M. These observations are recorded 
on the phase line in Figure 9.23. 

We determine the concavity of the population curves by differentiating both sides of 
Equation (6) with respect to f: 


aP _d 
dt? dt 


(7MP = 7P*) 


_ dP dP 
rM A 2rP di 


= r(M — 2P) a (7) 


If P = M/2, then d?P/dt*? = 0. If P < M/2, then (M — 2P) and dP/dt are positive and 
@P/dt2 > 0. If M/2 < P < M, then (M — 2P) < 0, dP/dt > 0, and dP/dt? < 0. 
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FIGURE 9.24 The completed phase line 
for logistic growth (Equation 6). 
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If P > M, then (M — 2P) and dP/dt are both negative and d*P/dt? > 0. We add this 
information to the phase line (Figure 9.24). 

The lines P = M/2 and P = M divide the first quadrant of the tP-plane into horizon- 
tal bands in which we know the signs of both dP /dt and d?P/dt*. In each band, we know 
how the solution curves rise and fall, and how they bend as time passes. The equilibrium 
lines P = 0 and P = M are both population curves. Population curves crossing the line 
P = M/2 have an inflection point there, giving them a sigmoid shape (curved in two 
directions like a letter S). Figure 9.25 displays typical population curves. Notice that each 


population curve approaches the limiting population M as t— oo. 
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FIGURE 9.25 Population curves for logistic growth. 


Exercises 9.4 | 


Phase Lines and Solution Curves 
In Exercises 1-8, 


a. Identify the equilibrium values. Which are stable and which 
are unstable? 


b. Construct a phase line. Identify the signs of y’ and y”. 


c. Sketch several solution curves. 


dy _ yo, 
1 =O + DO - 3) ae Ss 

dy, dy, 
ee a y ta = 2y 
HVE YSU 6. y =y-Vy, y>0 
7. y¥ =Q-DO-2Q—- 3) & y =y—-yY 


Models of Population Growth 

The autonomous differential equations in Exercises 9-12 represent 
models for population growth. For each exercise, use a phase line 
analysis to sketch solution curves for P(t), selecting different starting 
values P(O). Which equilibria are stable, and which are unstable? 


9. 


11. 


13. 
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Catastrophic change in logistic growth Suppose that a healthy 
population of some species is growing in a limited environment 


14. 


and that the current population Py is fairly close to the carrying 
capacity Mj. You might imagine a population of fish living in a 
freshwater lake in a wilderness area. Suddenly a catastrophe such 
as the Mount St. Helens volcanic eruption contaminates the lake 
and destroys a significant part of the food and oxygen on which 
the fish depend. The result is a new environment with a carrying 
capacity M, considerably less than Mp and, in fact, less than the 
current population Py. Starting at some time before the catastro- 
phe, sketch a “before-and-after” curve that shows how the fish 
population responds to the change in environment. 


Controlling a population The fish and game department in a 
certain state is planning to issue hunting permits to control the 
deer population (one deer per permit). It is known that if the deer 
population falls below a certain level m, the deer will become 
extinct. It is also known that if the deer population rises above the 
carrying capacity M, the population will decrease back to M 
through disease and malnutrition. 


a. Discuss the reasonableness of the following model for the 
growth rate of the deer population as a function of time: 

dP 

dt 


where P is the population of the deer and r is a positive con- 
stant of proportionality. Include a phase line. 


= rP(M — P)(P — m), 


b. Explain how this model differs from the logistic model 
dP/dt = rP(M — P). Is it better or worse than the logistic 
model? 


c. Show that if P > M for all z, then lim, P(t) = M. 
d. What happens if P < m for all r? 


e. Discuss the solutions to the differential equation. What are 
the equilibrium points of the model? Explain the dependence 
of the steady-state value of P on the initial values of P. About 
how many permits should be issued? 


Applications and Examples 

15. Skydiving If a body of mass m falling from rest under the 
action of gravity encounters an air resistance proportional to the 
square of velocity, then the body’s velocity t seconds into the fall 
satisfies the equation 


du 4 
ete, ae = ss 
mp ms ku’, k>0 
where k is a constant that depends on the body’s aerodynamic 
properties and the density of the air. (We assume that the fall is 
too short to be affected by changes in the air’s density.) 


a. Draw a phase line for the equation. 
b. Sketch a typical velocity curve. 


c. Fora 110-lb skydiver (mg = 110) and with time in seconds 
and distance in feet, a typical value of k is 0.005. What is the 
diver’s terminal velocity? Repeat for a 200-lb skydiver. 


16. Resistance proportional to Vv A body of mass m is projected 
vertically downward with initial velocity vp. Assume that the 
resisting force is proportional to the square root of the velocity 
and find the terminal velocity from a graphical analysis. 


17. Sailing A sailboat is running along a straight course with the 
wind providing a constant forward force of 50 lb. The only other 
force acting on the boat is resistance as the boat moves through 
the water. The resisting force is numerically equal to five times 
the boat’s speed, and the initial velocity is 1 ft/sec. What is the 
maximum velocity in feet per second of the boat under this wind? 


18. The spread of information Sociologists recognize a phenome- 
non called social diffusion, which is the spreading of a piece of 
information, technological innovation, or cultural fad among a pop- 
ulation. The members of the population can be divided into two 
classes: those who have the information and those who do not. In a 
fixed population whose size is known, it is reasonable to assume 
that the rate of diffusion is proportional to the number who have the 
information times the number yet to receive it. If X denotes the num- 
ber of individuals who have the information in a population of N 
people, then a mathematical model for social diffusion is given by 

dX 


a KX(N — X), 


where ¢ represents time in days and k is a positive constant. 
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Discuss the reasonableness of the model. 
Construct a phase line identifying the signs of X’ and X”. 


Sketch representative solution curves. 


Pe FS 


Predict the value of X for which the information is spreading 
most rapidly. How many people eventually receive the infor- 
mation? 


Current in an RL circuit The accompanying diagram repre- 
sents an electrical circuit whose total resistance is a constant R 
ohms and whose self-inductance, shown as a coil, is L henries, 
also a constant. There is a switch whose terminals at a and b can 
be closed to connect a constant electrical source of V volts. From 
Section 9.2, we have 

di 


Liat Rig, 


where i is the current in amperes and tf is the time in seconds. 
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Use a phase line analysis to sketch the solution curve assum- 
ing that the switch in the RL circuit is closed at time t = 0. What 
happens to the current as t—> 00? This value is called the steady- 
state solution. 


A pearl in shampoo Suppose that a pearl is sinking in a thick 
fluid, like shampoo, subject to a frictional force opposing its fall 
and proportional to its velocity. Suppose that there is also a resis- 
tive buoyant force exerted by the shampoo. According to Archi- 
medes’ principle, the buoyant force equals the weight of the fluid 
displaced by the pearl. Using m for the mass of the pearl and P for 
the mass of the shampoo displaced by the pearl as it descends, 
complete the following steps. 


a. Draw a schematic diagram showing the forces acting on the 
pearl as it sinks, as in Figure 9.19. 


b. Using v(¢) for the pearl’s velocity as a function of time ¢, 
write a differential equation modeling the velocity of the 
pearl as a falling body. 


c. Construct a phase line displaying the signs of v’ and v”. 
d. Sketch typical solution curves. 


e. What is the terminal velocity of the pearl? 


In some situations we are led to consider not one, but several, first-order differential equa- 
tions. Such a collection is called a system of differential equations. In this section we pres- 
ent an approach to understanding systems through a graphical procedure known as a 
phase-plane analysis. We present this analysis in the context of modeling the populations 
of trout and bass living in a common pond. 


564 


Chapter 9: First-Order Differential Equations 


Phase Planes 


A general system of two first-order differential equations may take the form 


dt = F(x, y), 
dy 
a G(x, y) 


Such a system of equations is called autonomous because dx/dt and dy/dt do not depend 
on the independent variable time f, but only on the dependent variables x and y. A solution 
of such a system consists of a pair of functions x(f) and y(¢) that satisfies both of the dif- 
ferential equations simultaneously for every ¢ over some time interval (finite or infinite). 

We cannot look at just one of these equations in isolation to find solutions x(t) or y(t) 
since each derivative depends on both x and y. To gain insight into the solutions, we look 
at both dependent variables together by plotting the points (x(), y(t)) in the xy-plane start- 
ing at some specified point. Therefore the solution functions define a solution curve 
through the specified point, called a trajectory of the system. The xy-plane itself, in which 
these trajectories reside, is referred to as the phase plane. Thus we consider both solutions 
together and study the behavior of all the solution trajectories in the phase plane. It can be 
proved that two trajectories can never cross or touch each other. (Solution trajectories are 
examples of parametric curves, which are studied in detail in Chapter 11.) 


A Competitive-Hunter Model 


Imagine two species of fish, say trout and bass, competing for the same limited resources 
(such as food and oxygen) in a certain pond. We let x(t) represent the number of trout and 
y(t) the number of bass living in the pond at time f. In reality x(f) and y(f) are always inte- 
ger valued, but we will approximate them with real-valued differentiable functions. This 
allows us to apply the methods of differential equations. 

Several factors affect the rates of change of these populations. As time passes, each 
species breeds, so we assume its population increases proportionally to its size. Taken by 
itself, this would lead to exponential growth in each of the two populations. However, 
there is a countervailing effect from the fact that the two species are in competition. A 
large number of bass tends to cause a decrease in the number of trout, and vice versa. Our 
model takes the size of this effect to be proportional to the frequency with which the two 
species interact, which in turn is proportional to xy, the product of the two populations. 
These considerations lead to the following model for the growth of the trout and bass in 
the pond: 


a 7 a — by)x, (1a) 
dy _ 
a (m — nx)y. (1b) 


Here x(t) represents the trout population, y(t) the bass population, and a, b, m, n are positive 
constants. A solution of this system then consists of a pair of functions x(7) and y(f) that 
gives the population of each fish species at time ¢. Each equation in (1) contains both of the 
unknown functions x and y, so we are unable to solve them individually. Instead, we will use 
a graphical analysis to study the solution trajectories of this competitive-hunter model. 

We now examine the nature of the phase plane in the trout-bass population model. We 
will be interested in the Ist quadrant of the xy-plane, where x = O and y = 0, since popu- 
lations cannot be negative. First, we determine where the bass and trout populations are 
both constant. Noting that the (x(t), y(t)) values remain unchanged when dx/dt = 0 and 
dy/dt = 0, Equations (1a and 1b) then become 


(a — by)x = 0, 
(m — nx)y = 0. 


This pair of simultaneous equations has two solutions: (x, y) = (0,0) and (x, y) = 
(m/n, a/b). At these (x, y) values, called equilibrium or rest points, the two populations 
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FIGURE 9.27 To the left 
of the line x = m/n the 
trajectories move upward, 
and to the right they move 
downward. 
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FIGURE 9.28 Above the 
line y = a/b the trajectories 
move to the left, and below it 
they move to the right. 
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remain at constant values over all time. The point (0, 0) represents a pond containing no 
members of either fish species; the point (m/n, a/b) corresponds to a pond with an 
unchanging number of each fish species. 

Next, we note that if y = a/b, then Equation (1a) implies dx/dt = 0, so the trout 
population x(t) is constant. Similarly, if x = m/n, then Equation (1b) implies dy/dt = 0, 
and the bass population y(f) is constant. This information is recorded in Figure 9.26. 
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(a) (b) 
FIGURE 9.26 Rest points in the competitive-hunter model given by Equations (1a) and (1b). 


In setting up our competitive-hunter model, precise values of the constants a, b, m,n will 
not generally be known. Nonetheless, we can analyze the system of Equations (1) to learn the 
nature of its solution trajectories. We begin by determining the signs of dx/dt and dy/dt 
throughout the phase plane. Although x() represents the number of trout and y(t) the number 
of bass at time ¢, we are thinking of the pair of values (x(f), y(f)) as a point tracing out a trajec- 
tory curve in the phase plane. When dx/dt is positive, x(t) is increasing and the point is mov- 
ing to the right in the phase plane. If dx/dt is negative, the point is moving to the left. Likewise, 
the point is moving upward where dy/dt is positive and downward where dy/dt is negative. 

We saw that dy/dt = 0 along the vertical line x = m/n. To the left of this line, dy/dt 
is positive since dy/dt = (m — nx)y and x < m/n. So the trajectories on this side of the 
line are directed upward. To the right of this line, dy/dt is negative and the trajectories 
point downward. The directions of the associated trajectories are indicated in Figure 9.27. 
Similarly, above the horizontal line y = a/b, we have dx/dt < 0 and the trajectories 
head leftward; below this line they head rightward, as shown in Figure 9.28. Combining 
this information gives four distinct regions in the plane A, B, C, D, with their respective 
trajectory directions shown in Figure 9.29. 
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FIGURE 9.29 Composite graphical 
analysis of the trajectory directions in the 


four regions determined by x = m/n and 
y=a/b. 


Next, we examine what happens near the two equilibrium points. The trajectories near 
(0, 0) point away from it, upward and to the right. The behavior near the equilibrium point 
(m/n, a/b) depends on the region in which a trajectory begins. If it starts in region B, for 
instance, then it will move downward and leftward toward the equilibrium point. Depend- 
ing on where the trajectory begins, it may move downward into region D, leftward into 
region A, or perhaps straight into the equilibrium point. If it enters into regions A or D, 
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FIGURE 9.30 Motion along the 
trajectories near the rest points (0, 0) 
and (m/n, a/b). 
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FIGURE 9.31 Qualitative results of 


analyzing the competitive-hunter model. 


There are exactly two trajectories ap- 
proaching the point (m/n, a/b). 


FIGURE 9.32 Trajectory direction 
near the rest point (0, 0). 


FIGURE 9.34 The solution 
x? + y? = 1 isa limit cycle. 


then it will continue to move away from the rest point. We say that both rest points are 
unstable, meaning (in this setting) there are trajectories near each point that head away 
from them. These features are indicated in Figure 9.30. 

It turns out that in each of the half-planes above and below the line y = a/b, there is 
exactly one trajectory approaching the equilibrium point (m/n, a/b) (see Exercise 7). 
Above these two trajectories the bass population increases and below them it decreases. 
The two trajectories approaching the equilibrium point are suggested in Figure 9.31. 

Our graphical analysis leads us to conclude that, under the assumptions of the 
competitive-hunter model, it is unlikely that both species will reach equilibrium levels. 
This is because it would be almost impossible for the fish populations to move exactly 
along one of the two approaching trajectories for all time. Furthermore, the initial popula- 
tions point (xo, yo) determines which of the two species is likely to survive over time, and 
mutual coexistence of the species is highly improbable. 


Limitations of the Phase-Plane Analysis Method 


Unlike the situation for the competitive-hunter model, it is not always possible to deter- 
mine the behavior of trajectories near a rest point. For example, suppose we know that the 
trajectories near a rest point, chosen here to be the origin (0, 0), behave as in Figure 9.32. 
The information provided by Figure 9.32 is not sufficient to distinguish between the three 
possible trajectories shown in Figure 9.33. Even if we could determine that a trajectory 
near an equilibrium point resembles that of Figure 9.33c, we would still not know how the 
other trajectories behave. It could happen that a trajectory closer to the origin behaves like 
the motions displayed in Figure 9.33a or 9.33b. The spiraling trajectory in Figure 9.33b 
can never actually reach the rest point in a finite time period. 
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(a) (b) (c) 


FIGURE 9.33 Three possible trajectory motions: (a) periodic motion, (b) motion 
toward an asymptotically stable rest point, and (c) motion near an unstable rest point. 


Another Type of Behavior 


The system 
dx _ 2 2 
a ee af ye); (2a) 
dy 
Bm ty ye ty (2b) 


can be shown to have only one equilibrium point at (0, 0). Yet any trajectory starting on the unit 
circle traverses it clockwise because, when x? + y? = 1, we have dy/dx = —x/y (see 
Exercise 2). If a trajectory starts inside the unit circle, it spirals outward, asymptotically approach- 
ing the circle as t— ov. If a trajectory starts outside the unit circle, it spirals inward, again 
asymptotically approaching the circle as t—> 00. The circle x7 + y* = 1 is called a limit cycle 
of the system (Figure 9.34). In this system, the values of x and y eventually become periodic. 


Exercises 


1, 


List three important considerations that are ignored in the 
competitive-hunter model as presented in the text. 


. For the system (2a) and (2b), show that any trajectory starting on 


the unit circle x7 + y? = 1 will traverse the unit circle in a peri- 
odic solution. First introduce polar coordinates and rewrite the 
system as dr/dt = r(1 — r?) and —d6/dt = —1. 


. Develop a model for the growth of trout and bass, assuming that in 


isolation trout demonstrate exponential decay [so that a < 0 in 
Equations (1a) and (1b)] and that the bass population grows logisti- 
cally with a population limit M@. Analyze graphically the motion in 
the vicinity of the rest points in your model. Is coexistence possible? 


. How might the competitive-hunter model be validated? Include a 


discussion of how the various constants a, b, m, and n might be 
estimated. How could state conservation authorities use the model 
to ensure the survival of both species? 


. Consider another competitive-hunter model defined by 


dx _ x 
ie a( x) x — bxy, 


dy _ {42 
ae” ny 


where x and y represent trout and bass populations, respectively. 


a. What assumptions are implicitly being made about the 
growth of trout and bass in the absence of competition? 


b. Interpret the constants a, b, m,n, k,, and k, in terms of the 
physical problem. 


c. Perform a graphical analysis: 
i) Find the possible equilibrium levels. 
ii) Determine whether coexistence is possible. 
iii) Pick several typical starting points and sketch typical tra- 
jectories in the phase plane. 
iv) Interpret the outcomes predicted by your graphical analysis 
in terms of the constants a, b, m, n, k,, and ky. 
Note: When you get to part (iii), you should realize that five cases 
exist. You will need to analyze all five cases. 


. An economic model Consider the following economic model. 


Let P be the price of a single item on the market. Let Q be the 
quantity of the item available on the market. Both P and Q are 
functions of time. If one considers price and quantity as two inter- 
acting species, the following model might be proposed: 


dP_ (db | 
dt = av(h P) 
d 

. = cQ(fP — Q), 


where a, b, c, and f are positive constants. Justify and discuss the 

adequacy of the model. 

a. Ifa = 1, b = 20,000, c = 1, and f = 30, find the equilib- 
rium points of this system. If possible, classify each equilib- 
rium point with respect to its stability. If a point cannot be 
readily classified, give some explanation. 


b. Perform a graphical stability analysis to determine what will 
happen to the levels of P and Q as time increases. 
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c. Give an economic interpretation of the curves that determine 
the equilibrium points. 


7. Two trajectories approach equilibrium Show that the two 


trajectories leading to (m/n,a/b) shown in Figure 9.31 are 
unique by carrying out the following steps. 


a. From system (1a) and (1b) apply the Chain Rule to derive the 
following equation: 
dy _ (m— nx)y 
dx (a — by)x’ 
b. Separate the variables, integrate, and exponentiate to obtain 


ytey = Kx"e™, 


where K is a constant of integration. 

c. Let f(y) = y*/e and g(x) = x""/e”. Show that f(y) has a 
unique maximum of M, = (a/eb)* when y = a/b as shown in 
Figure 9.35. Similarly, show that g(x) has a unique maximum 
M, = (m/eny" when x = m/n, also shown in Figure 9.35. 


f(y) 
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nN 
FIGURE 9.35 Graphs of the functions 
fQ) = yt/ey and g(x) = xm /em™, 


d. Consider what happens as (x, y) approaches (m/n, a/b). Take 
limits in part (b) as x > m/n and y — a/b to show that either 


im |(2-\()| =x 
x—>m/n eby }\ x" 


yoa/b 


or M,/M, = K. Thus any solution trajectory that approaches 
(m/n, a/b) must satisfy 


yt (MY (x 
ey \M)\e*)" 


e. Show that only one trajectory can approach (m/n, a/b) from 
below the line y = a/b. Pick yy < a/b. From Figure 9.35 
you can see that f(yo) < M,, which implies that 
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M, x = yo"/e <M. 
M, em 0 ye 


This in turn implies that 


wild 
on ~ M,. 


Figure 9.35 tells you that for g(x) there is a unique value 

Xq < m/n satisfying this last inequality. That is, for each 

y < a/b there is a unique value of x satisfying the equation in 
part (d). Thus there can exist only one trajectory solution 
approaching (m/n, a/b) from below, as shown in Figure 9.36. 


f. Use a similar argument to show that the solution trajectory 
leading to (m/n, a/b) is unique if yy) > a/b. 


y Bass 
A 
a O 
b 
10. = 
| 
- >X 
7 a Trout 
Unique xq 


FIGURE 9.36 For any 
y < a/b only one solution 
trajectory leads to the rest point 


(m/n, a/b). 


8. Show that the second-order differential equation y” = F(x, y, y’) 
can be reduced to a system of two first-order differential equations 


dy _ 

dx ee) 

dz _ 
rece) 


Can something similar be done to the nth-order differential equa- 
tion y” = F(x, WWW sees yoD)2 


Lotka-Volterra Equations for a Predator-Prey Model 


In 1925 Lotka and Volterra introduced the predator-prey equations, a 
system of equations that models the populations of two species, one of 
which preys on the other. Let x(t) represent the number of rabbits liv- 
ing in a region at time ¢, and y(f) the number of foxes in the same 
region. As time passes, the number of rabbits increases at a rate pro- 
portional to their population, and decreases at a rate proportional to 
the number of encounters between rabbits and foxes. The foxes, which 
compete for food, increase in number at a rate proportional to the 
number of encounters with rabbits but decrease at a rate proportional 
to the number of foxes. The number of encounters between rabbits 
and foxes is assumed to be proportional to the product of the two 
populations. These assumptions lead to the autonomous system 


dx 

a (a — by)x 
dy 

a =(-c + dx)y 


where a, b, c, d are positive constants. The values of these constants 
vary according to the specific situation being modeled. We can study 
the nature of the population changes without setting these constants to 
specific values. 


9. What happens to the rabbit population if there are no foxes present? 
10. What happens to the fox population if there are no rabbits present? 


11. Show that (0, 0) and (c/d, a/b) are equilibrium points. Explain 
the meaning of each of these points. 


12. Show, by differentiating, that the function 
C(t) = aln y(t) — by(t) — dx(t) + c In x(t) 


is constant when x(t) and y(t) are positive and satisfy the predator- 
prey equations. 


While x and y may change over time, C(t) does not. Thus, C is a con- 
served quantity and its existence gives a conservation law. A trajectory 
that begins at a point (x, y) at time ¢ = 0 gives a value of C that 
remains unchanged at future times. Each value of the constant C gives 
a trajectory for the autonomous system, and these trajectories close up, 
rather than spiraling inward or outward. The rabbit and fox populations 
oscillate through repeated cycles along a fixed trajectory. Figure 9.37 
shows several trajectories for the predator-prey system. 


>< 
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population 
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a Rabbit population 


FIGURE 9.37 Some trajectories along which C is conserved. 


13. Using a procedure similar to that in the text for the competitive- 
hunter model, show that each trajectory is traversed in a counter- 
clockwise direction as time ¢ increases. 


Along each trajectory, both the rabbit and fox populations fluctuate 
between their maximum and minimum levels. The maximum and 
minimum levels for the rabbit population occur where the trajectory 
intersects the horizontal line y = a/b. For the fox population, they 
occur where the trajectory intersects the vertical line x = c/d. When 
the rabbit population is at its maximum, the fox population is below 
its maximum value. As the rabbit population declines from this point 
in time, we move counterclockwise around the trajectory, and the fox 
population grows until it reaches its maximum value. At this point the 
rabbit population has declined to x = c/d and is no longer at its peak 
value. We see that the fox population reaches its maximum value at a 
later time than the rabbits. The predator population lags behind that of 
the prey in achieving its maximum values. This lag effect is shown in 
Figure 9.38, which graphs both x(t) and y(t). 


Populations 
(Different scale used for foxes and rabbits) 


* Rabbits 
X(t) 


t 


Lag time 


FIGURE 9.38 The fox and rabbit populations oscillate periodically, 
with the maximum fox population lagging the maximum rabbit 


population. 
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At some time during a trajectory cycle, a wolf invades the rabbit- 
fox territory, eats some rabbits, and then leaves. Does this mean 
that the fox population will from then on have a lower maximum 
value? Explain your answer. 


Chapter Q Questions to Guide Your Review 


1. 


What is a first-order differential equation? When is a function a 
solution of such an equation? 


. What is a general solution? A particular solution? 


. What is the slope field of a differential equation y’ = f(x, y)? 


What can we learn from such fields? 


. Describe Euler’s method for solving the initial value problem 


y’ = f(x, y), yo) = yo numerically. Give an example. Comment 
on the method’s accuracy. Why might you want to solve an initial 
value problem numerically? 


. How do you solve linear first-order differential equations? 


6. What is an orthogonal trajectory of a family of curves? Describe 


how one is found for a given family of curves. 


Chapter [a Practice Exercises 


In Exercises 1-16 solve the differential equation. 


9. 


11. 
13. 
14. 
15. 
16. 


1 
3. 
5 
7 


yy =xeVx — 2 2. y’ = xye"™ 

secxdy + xcostydx=0 4, 2x2 dx — 3Vycscxdy = 0 
.y= S 6. y' = xe* csc y 
. x(x — 1)dy — ydx =0 8 y' = 6? — Dx! 

2y' — y = xe? 10. - + y = e*sinx 

xy +2y=1-<x! 12. xy’ — y = 2xInx 


(1 + e‘) dy + (ye’ + e*) dx = 0 

e*dy + (e*y — 4x) dx = 0 

(x + 3y*) dy + y dx = 0 (Hint: d(xy) = y dx + x dy) 
xdy + By —x*cosx)dx =0, x>0 


7. 


10. 


What is an autonomous differential equation? What are its equi- 
librium values? How do they differ from critical points? What is a 
stable equilibrium value? Unstable? 


. How do you construct the phase line for an autonomous differen- 


tial equation? How does the phase line help you produce a graph 
which qualitatively depicts a solution to the differential equation? 


. Why is the exponential model unrealistic for predicting long-term 


population growth? How does the logistic model correct for the 
deficiency in the exponential model for population growth? What 
is the logistic differential equation? What is the form of its solu- 
tion? Describe the graph of the logistic solution. 


What is an autonomous system of differential equations? What is 
a solution to such a system? What is a trajectory of the system? 


Initial Value Problems 
In Exercises 17—22 solve the initial value problem. 


17. 


18. 


19. 


20. 


21. 


22. 


dy 
Grit yrs x>-l, yO)=1 


OY hg i de > 0 1l=1 
mae y= xX > x » yl) = 


dy 
oe 2, = x2 = 
ak + 3x*y = x°, y(0) 1 


x dy + (y — cos x) dx = 0, (3) =0 


xy’ + (x — 2)y = 3xe*, yl) = 0 


ydx + (3x —xy + 2)dy=0, y2)=-1, y<0 
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Euler’s Method 
In Exercises 23 and 24, use Euler’s method to solve the initial value 
problem on the given interval starting at x) with dx = 0.1. 


[T] 23. y’ = y + cosx, y0)=0; OS x52; m=O 
[T] 24. y = (2 y)(2x + 3), w(-3) = 1; -3 Sx S-1; x» =-3 


In Exercises 25 and 26, use Euler’s method with dx = 0.05 to esti- 
mate y(c) where y is the solution to the given initial value problem. 


Oe a ae =i 
Sa dx Pe ee 


dy x*-2yt+1 
[T] 26. ¢ = 4; a x » w= 1 


In Exercises 27 and 28, use Euler’s method to solve the initial value 
problem graphically, starting at x) = 0 with 


a. dx = 0.1. b. dx = —0.1. 
| _ 
4. Se FOa = 
dy ety 
28. PF Pax y(0) = 0 
Slope Fields 


In Exercises 29-32, sketch part of the equation’s slope field. Then add 
to your sketch the solution curve that passes through the point 
P(1, -1). Use Euler’s method with x) = 1 and dx = 0.2 to estimate 
y(2). Round your answers to four decimal places. Find the exact value 
of y(2) for comparison. 


29. y' =x 30. y' = 1/x 
31. y’ = xy 32. y' = 1/y 


Autonomous Differential Equations and Phase Lines 
In Exercises 33 and 34: 


a. Identify the equilibrium values. Which are stable and which 
are unstable? 
b. Construct a phase line. Identify the signs of y’ and y”. 


c. Sketch a representative selection of solution curves. 


a3, 2 = 34, 2 =y-¥ 
"a "a 


Applications 


35. Escape velocity The gravitational attraction F exerted by an 
airless moon on a body of mass m at a distance s from the moon’s 
center is given by the equation F = —mg R’s*, where g is the 
acceleration of gravity at the moon’s surface and R is the moon’s 
radius (see accompanying figure). The force F is negative because 
it acts in the direction of decreasing s. 


Mass m 
mgR 
p=" 
Ss 
Ss 

R 

Moon’s AF 
center 


a. If the body is projected vertically upward from the moon’s 
surface with an initial velocity up at time t = 0, use Newton’s 
second law, F = ma, to show that the body’s velocity at posi- 
tion s is given by the equation 


2eR 
~ Ss 


v2 


+ up? — 2gR. 


Thus, the velocity remains positive as long as uy = V2gR. 
The velocity uy) = V2gR is the moon’s escape velocity. A 
body projected upward with this velocity or a greater one 
will escape from the moon’s gravitational pull. 


b. Show that if vy = V2gR, then 


3u9 2/3 
s=R\L+ apt : 


36. Coasting to a stop Table 9.6 shows the distance s (meters) 
coasted on inline skates in ¢ sec by Johnathon Krueger. Find a 
model for his position in the form of Equation (2) of Section 9.3. 
His initial velocity was v9 = 0.86 m/sec, his mass m = 30.84 kg 
(he weighed 68 Ib), and his total coasting distance 0.97 m. 


TABLE 9.6 Johnathon Krueger skating data 


t(sec) s (m) t (sec) s (m) t (sec) s (m) 


0 0 0.93 0.61 1.86 0.93 
0.13 0.08 1.06 0.68 2.00 0.94 
0.27 0.19 1.20 0.74 2.13 0.95 
0.40 0.28 1,33 0.79 2.26 0.96 
0.53 0.36 1.46 0.83 2.39 0.96 
0.67 0.45 1.60 0.87 23 0.97 
0.80 0.53 1.73 0.90 2.66 0.97 
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Theory and Applications 
1. Transport through a cell membrane Under some conditions, 
the result of the movement of a dissolved substance across a 
cell’s membrane is described by the equation 


dy A 
a Ky = y): 


In this equation, y is the concentration of the substance inside the 
cell and dy/dt is the rate at which y changes over time. The letters 


k, A, V, and c stand for constants, k being the permeability coeffi- 
cient (a property of the membrane), A the surface area of the mem- 
brane, V the cell’s volume, and c the concentration of the sub- 
stance outside the cell. The equation says that the rate at which the 
concentration changes within the cell is proportional to the differ- 
ence between it and the outside concentration. 


a. Solve the equation for y(t), using yo to denote y(0). 
b. Find the steady-state concentration, lim,—..0 y(f). 


2. Height of a rocket If an external force F acts upon a system 
whose mass varies with time, Newton’s law of motion is 


d(mv) _ 
dt 


In this equation, m is the mass of the system at time f, v is its 
velocity, and v + u is the velocity of the mass that is entering (or 
leaving) the system at the rate dm/dt. Suppose that a rocket of 
initial mass mp starts from rest, but is driven upward by firing 
some of its mass directly backward at the constant rate of 
dm/dt = —b units per second and at constant speed relative to 
the rocket u = —c. The only external force acting on the rocket is 
F =—mg due to gravity. Under these assumptions, show that 
the height of the rocket above the ground at the end of t seconds 
(t small compared to m/b) is 


F+v4 wy) 


_ pais Be mo — bt I 
y=clt4 : 0p 78t 


3. a. Assume that P(x) and Q(x) are continuous over the interval 
[a, b]. Use the Fundamental Theorem of Calculus, Part 1, to 
show that any function y satisfying the equation 


v(x)y = / v(x)Q(x) dx + C 


for u(x) = e/ P)4* is a solution to the first-order linear 
equation 


dy = 
Zt Peay = Oe. 


b. If C = you) — LT . v(t)Q(t) dt, then show that any solu- 


tion y in part (a) satisfies the initial condition y(%) = yo. 
4. (Continuation of Exercise 3.) Assume the hypotheses of Exercise 3, 
and assume that y,(x) and y,(x) are both solutions to the first- 
order linear equation satisfying the initial condition y(x%) = yo. 


Chapter 9 Technology Application Projects 571 


a. Verify that y(x) = y,(x) — y(x) satisfies the initial value 
problem 


y' + P@&y = 0, y%) = 0. 


b. For the integrating factor v(x) = e/?” ®, show that 


4 (uG) [y1@) = yy) = 0. 


Conclude that v(x)[ y,(x) — y(x)] = constant. 

c. From part (a), we have y;(%>) — yo(x%9) = 0. Since v(x) > 0 
fora < x < b, use part (b) to establish that y,(x) — y,(x) = 0 
on the interval (a, b). Thus y;(x) = y(x) foralla <x < b. 


Homogeneous Equations 
A first-order differential equation of the form 


is called homogeneous. It can be transformed into an equation whose 
variables are separable by defining the new variable v = y/x. Then, 
y = vx and 


Substitution into the original differential equation and collecting terms 
with like variables then gives the separable equation 


dx dv 


e esr 


After solving this separable equation, the solution of the original 
equation is obtained when we replace v by y/x. 


Solve the homogeneous equations in Exercises 5—10. First put the 
equation in the form of a homogeneous equation. 


5. (x? + y’)dx + xydy = 0 

6. x°dy + (y? — xy) dx = 0 

7. (xe/* + y)dx — xdy = 0 

8. («+ y)dy + (x — y)dx = 0 
yx 


9 y! =~ + cos x 


_ y Ya 
10. (sin? y eos) de + x cosy dy = 0 
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Mathematica/Maple Modules: 
Drug Dosages: Are They Effective? Are They Safe? 


Formulate and solve an initial value model for the absorption of a drug in the bloodstream. 


First-Order Differential Equations and Slope Fields 


Plot slope fields and solution curves for various initial conditions to selected first-order differential equations. 


10. 1 Sequences 


HISTORICAL ESSAY 
Sequences and Series 
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Infinite Sequences 
and Series 


OVERVIEW Up to this point in calculus, we have focused on the derivative and integral of 
a function. Now we introduce a third key topic of interest in the analysis and computation 
of functions, called infinite series. Such series give us precise ways to express many num- 
bers and functions, both familiar and new, as arithmetic sums with infinitely many terms. 
For example, we will learn that 


and 


cosox=1—-~%+2-4- —_*__... 
2 24 720 40,320 

Often scientists and engineers simplify a problem by replacing a function with an 
approximation using the first few terms of a series that expresses it. One method repre- 
sents a known differentiable function f(x) as an infinite series in powers of x, so it looks 
like a “polynomial with infinitely many terms,” as we see with the cosine function given 
above. Moreover, the method extends our knowledge of how to evaluate, differentiate, and 
integrate polynomials, so we can work with even more general functions than any encoun- 
tered before. These new functions are commonly solutions to differential equations arising 
in important applications of mathematics to science and engineering. 

Everyone knows how to add two numbers together, or even several. But how do you 
add together infinitely many numbers? Or more generally, how do you add infinitely many 
powers of x? In this chapter we answer these questions, which are part of the theory of 
infinite sequences and series. As with the differential and integral calculus, limits play a 
major role in the development of infinite series. 


Sequences are fundamental to the study of infinite series and many applications of mathe- 
matics. We have already seen an example of a sequence when we studied Newton’s 
Method in Section 4.7. There we produced a sequence of approximations x, that became 
closer and closer to the root of a differentiable function. Now we will explore general 
sequences of numbers and the conditions under which they converge to a finite number. 


Representing Sequences 


A sequence is a list of numbers 


G1, A, 43,.+-5,4y,,--- 
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in a given order. Each of a, a>, a; and so on represents a number. These are the terms of 
the sequence. For example, the sequence 


2,4, 6, 8, 10, 12,...,2n,... 


has first term a, = 2, second term a, = 4, and nth term a, = 2n. The integer n is 
called the index of a, and indicates where a, occurs in the list. Order is important. The 
sequence 2, 4, 6, 8. ..is not the same as the sequence 4, 2,6,8.... 

We can think of the sequence 


Qy, An, A3, ~. +, An, --- 


as a function that sends | to a,, 2 to ay, 3 to a3, and in general sends the positive integer n 
to the nth term a,. More precisely, an infinite sequence of numbers is a function whose 
domain is the set of positive integers. 

The function associated with the sequence 


2,4, 6,8, 10, 12.00.5220, <5 


sends | to a; = 2,2 to ad = 4, and so on. The general behavior of this sequence is 
described by the formula a, = 2n. 

We can equally well make the domain the integers larger than a given number no, and 
we allow sequences of this type also. For example, the sequence 


12, 14, 16, 18, 20,22... 


is described by the formula a, = 10 + 2n. It can also be described by the simpler formula 
b,, = 2n, where the index n starts at 6 and increases. To allow such simpler formulas, we 
let the first index of the sequence be any integer. In the sequence above, {a,,} starts with 
a, while {b,} starts with be. 

Sequences can be described by writing rules that specify their terms, such as 
n= 1 


n > 


a,= Vn, b= Cit, 6 = d, = (-1y"", 


or by listing terms: 


fa} = {VI,V2, V3, ...,Vmas} 


fe = 4111, Lata gel pone bs 
We also sometimes write a sequence using its rule, as with 


{a,} = {Vn}% 


n=1" 

Figure 10.1 shows two ways to represent sequences graphically. The first marks the 
first few points from a), do, a3, ..., 4), ... on the real axis. The second method shows the 
graph of the function defining the sequence. The function is defined only on integer 
inputs, and the graph consists of some points in the xy-plane located at (1, a), 
(23) sos Dae eds 


Convergence and Divergence 


Sometimes the numbers in a sequence approach a single value as the index n increases. 
This happens in the sequence 
Pe ee 
Pe yar Nae (es 
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a, 
Aa 
3K 
a, dy a3 a4a5 . 
+—— —e@—l_ . > 2p - 
0 1 2 eae * 
a, = Vn 1_|_t_t_l_, 7 
Ol 1 2 3 
a, 
a3 ay ay rN 
1 .@— - : > 1k e 
1 | L i 1 iy yn 
an 7 0 1 2 3 4 =5 
a, 
A 
a a4 a5 a3 bal lr e 
/ —9—1_ -» 1 > 
1 jee Spies fh fe as 
a, = (-prt td 0 Py 


FIGURE 10.1 Sequences can be represented as points on the real line or 
as points in the plane where the horizontal axis n is the index number of the 
term and the vertical axis a,, is its value. 


whose terms approach 0 as n gets large, and in the sequence 


1234 1 
{o4234...1-h...4 


whose terms approach |. On the other hand, sequences like 


L-e L Ltr+e LVI WV osieds Vins 


0 74, 4 dy \ Ay have terms that get larger than any number as n increases, and sequences like 
n+] 
re ql LN hs (aD ae + 
bounce back and forth between | and —1, never converging to a single value. The follow- 
; Ee ing definition captures the meaning of having a sequence converge to a limiting value. It 
id kk eae Oe le eae says that if we go far enough out in the sequence, by taking the index n to be larger than 
sg Le some value N, the difference between a,, and the limit of the sequence becomes less than 
: 2 & (, ay) any preselected number e€ > 0. 
114 oon on 
oO; 1 2 3 N n 


DEFINITIONS The sequence {a,} converges to the number L if for every posi- 


Pine awe . In tie-teptesonlaion ot tive number ¢€ there corresponds an integer N such that for all n, 


a sequence as points in the plane, a, > L 
if y = Lisa horizontal asymptote of the n>wN = | a,.— L | < €, 


f point . In this fi . ‘ 
Seq ence OF points 1 Why} AALS Migote, If no such number L exists, we say that {a,,} diverges. 


If {a,} converges to L, we write lim,..0a, = L, or simply a, > L, and 
call L the limit of the sequence (Figure 10.2). 


all the a,,’s after ay lie within € of L. 


HISTORICAL BIOGRAPHY The definition is very similar to the definition of the limit of a function f(x) as x tends 
Nicole Oresme to CO (lim,—soo f(x) in Section 2.6). We will exploit this connection to calculate limits of 
(ca. 1320-1382) sequences. 


EXAMPLE 1 Show that 


(a) lim 7 = 0 (b) limk=k (any constant k) 


ay 


M e 
Lu : L on 
0) 123 N 
(a) 
Ay 
» 
iis L >n 
0/123. N 
m * 
(b) 


FIGURE 10.3 (a) The sequence 
diverges to Co because no matter 
what number M/ is chosen, the 
terms of the sequence after some 
index N all lie in the yellow 

band above M. (b) The sequence 
diverges to —©o because all terms 
after some index N lie below any 
chosen number m. 
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Solution 


(a) Let e > 0 be given. We must show that there exists an integer N such that for all n, 


n>wWN > ’ 


- 0 <e 


This implication will hold if (1/n) < € orn > 1/e. If N is any integer greater than 
1/e, the implication will hold for all n > N. This proves that lim,—.0(1/n) = 0. 


(b) Let e > 0 be given. We must show that there exists an integer N such that for all n, 
n>wN = |k —k| <e. 


Since k — k = 0, we can use any positive integer for N and the implication will hold. 
This proves that lim,..0k = k for any constant k. | 


EXAMPLE 2 Show that the sequence {1,—1,1,—1,1,-1,...,C-1)""},...} 
diverges. 


Solution Suppose the sequence converges to some number L. By choosing € = 1/2 in 
the definition of the limit, all terms a, of the sequence with index n larger than some N 
must lie within « = 1/2 of L. Since the number | appears repeatedly as every other term 
of the sequence, we must have that the number | lies within the distance « = 1/2 of L. It 
follows that |L — 1| < 1/2, or equivalently, 1/2 < L < 3/2. Likewise, the number 
—1 appears repeatedly in the sequence with arbitrarily high index. So we must also have 
that |L — (—1)| < 1/2, or equivalently, -3/2 < L < —1/2. But the number L cannot 
lie in both of the intervals (1/2, 3/2) and (-3/2,—1/2) because they have no overlap. 
Therefore, no such limit L exists and so the sequence diverges. 

Note that the same argument works for any positive number € smaller than 1, not 
just 1/2. | 


The sequence {Vn} also diverges, but for a different reason. As n increases, its terms 
become larger than any fixed number. We describe the behavior of this sequence by writing 
lim Vn = 00, 

noo 
In writing infinity as the limit of a sequence, we are not saying that the differences between the 
terms a, and CO become small as n increases. Nor are we asserting that there is some number 
infinity that the sequence approaches. We are merely using a notation that captures the idea that 
a, eventually gets and stays larger than any fixed number as n gets large (see Figure 10.3a). 
The terms of a sequence might also decrease to negative infinity, as in Figure 10.3b. 


DEFINITION The sequence {a,} diverges to infinity if for every number M there is 
an integer N such that for all n larger than N, a, > M. If this condition holds we write 


lim a, = ©0 or Ay > ©O~ 
n—-co 


Similarly, if for every number m there is an integer N such that for all n > N we 
have a, < m, then we say {a,,} diverges to negative infinity and write 


lim a, = —0o or Ay > —-&, 


A sequence may diverge without diverging to infinity or negative infinity, as we saw 
in Example 2. The sequences { 1, —2, 3, —4,5,—-6, 7,—8,... } and {1, 0, 2, 0, 3,0,... } 
are also examples of such divergence. 

The convergence or divergence of a sequence is not affected by the values of any 
number of its initial terms (whether we omit or change the first 10, 1000, or even the first 
million terms does not matter). From Figure 10.2, we can see that only the part of the 
sequence that remains after discarding some initial number of terms determines whether 
the sequence has a limit and the value of that limit when it does exist. 
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>n 


0 


FIGURE 10.4 The terms of 
sequence {b,} are sandwiched 
between those of {a,,} and 
{c,}, forcing them to the same 
common limit L. 


Calculating Limits of Sequences 


Since sequences are functions with domain restricted to the positive integers, it is not surpris- 
ing that the theorems on limits of functions given in Chapter 2 have versions for sequences. 


THEOREM 1 Let {a,} and {b,} be sequences of real numbers, and let A and B 
be real numbers. The following rules hold if lim,...a, = A and lim, ob, = B. 


1. Sum Rule: lim, oo(a, + b,) =A +B 

2. Difference Rule: lim,—sco(a, — b,) =A — B 

3. Constant Multiple Rule: lim,,soo(k* b,) = k+B (any number k) 
4. Product Rule: lim,,—sco(@,°* b,) = A*B 

5. Quotient Rule: Him 00" =4 ifB #0 


The proof is similar to that of Theorem 1 of Section 2.2 and is omitted. 


EXAMPLE 3 By combining Theorem 1 with the limits of Example 1, we have: 


: 1 x15 ll 
(a) lim ( 1) = -—1- lim na 1-0=0 Constant Multiple Rule and Example la 
—00 ioc) 


— Diff Rul 
(b) lim € 1) = lim (1 1) = Jim 1 lim } 1=G=i1 ifference Rule 


and Example la 


n—0o n—oo OO noo 

lim 2. = 5+ lim Lt = Seth Product Rule 
c 2 n n 

noo 7 n—0o n—co 


Grn as i ST 
nw nf + 3 nol + (3/n®) 1+ 0 


=]. Sum and Quotient Rules | 


Be cautious in applying Theorem 1. It does not say, for example, that each of the 
sequences {a,} and {b,} have limits if their sum {a, + b,} has a limit. For instance, 
{a,} = {1,2,3,...} and {b,} = {-1,—-2,—-3,...} both diverge, but their sum 
{a, + b,} = {0,0,0,...} clearly converges to 0. 

One consequence of Theorem | is that every nonzero multiple of a divergent sequence 
{a,} diverges. For suppose, to the contrary, that {ca,} converges for some number c ¥ 0. 
Then, by taking k = 1/c in the Constant Multiple Rule in Theorem 1, we see that the sequence 


{hea} = {a} 


converges. Thus, {ca,} cannot converge unless {a,} also converges. If {a,} does not 
converge, then {ca,} does not converge. 

The next theorem is the sequence version of the Sandwich Theorem in Section 2.2. 
You are asked to prove the theorem in Exercise 109. (See Figure 10.4.) 


THEOREM 2—The Sandwich Theorem for Sequences Let {a,}, {b,}, and 
{c,} be sequences of real numbers. If a, = b, = c, holds for all n beyond 
some index N, and if lim,-..04d, = lim, .0c¢, = L, then lim,..b, = L also. 


An immediate consequence of Theorem 2 is that, if |b, | <=, and c,— 0, then 
b, — 0 because —c, = b, = c,. We use this fact in the next example. 


EXAMPLE 4 Since 1/n — 0, we know that 


cos n 
(a) > 


IA 
sl— 


1 
—>0 because =2 


FIGURE 10.5 Asn—oo,1/n—>0 

and 2!/"—> 2° (Example 6). The terms of 
{1/n} are shown on the x-axis; the terms 
of {2!/"} are shown as the y-values on the 
graph of f(x) = 2*. 
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(b) 0 because Os t < I. 
(c) Cito because : < ( yt < _ |_| 


The application of Theorems | and 2 is broadened by a theorem stating that applying 
a continuous function to a convergent sequence produces a convergent sequence. We state 
the theorem, leaving the proof as an exercise (Exercise 110). 


THEOREM 3—The Continuous Function Theorem for Sequences Let {a,} be 
a sequence of real numbers. If a, — L and if f is a function that is continuous at 
Land defined at all a,, then f(a,) — f(L). 


EXAMPLE 5 Show that V(n + 1)/n— 1. 


Solution We know that (n + 1)/n— 1. Taking f(x) = Vx and L = 1 in Theorem 3 
gives Vin + 1)/n—> VI = 1. |_| 


EXAMPLE 6 The sequence {1/n} converges to 0. By taking a, = 1/n, f(x) = 2", 
and L = 0 in Theorem 3, we see that 2!/" = f(1/n) > f(L) = 2° = 1. The sequence 
{2'/"} converges to 1 (Figure 10.5). a 


Using L’'H6pital’s Rule 


The next theorem formalizes the connection between lim,-,.4@, and lim,—... f(x). It 
enables us to use |’ H6pital’s Rule to find the limits of some sequences. 


THEOREM 4 Suppose that f(x) is a function defined for all x = np and that 
{a,,} is a sequence of real numbers such that a, = f(n) for n = no. Then 


limf@~=L = lim a, = L. 
x—00 noo 


Proof Suppose that lim,—.0.f(x) = L. Then for each positive number e€ there is a 
number &/ such that for all x, 


x>M => lf@) = L| < «, 
Let N be an integer greater than M and greater than or equal to mp. Then 


n>wN => a, = f(n) and la, — L| = |f@) -— L| <e. a 


EXAMPLE 7 Show that 


Solution The function (In x)/x is defined for all x = 1 and agrees with the given 
sequence at positive integers. Therefore, by Theorem 4, lim, ..(Inn)/n will equal 
lim,_...(In x)/x if the latter exists. A single application of 1’ H6pital’s Rule shows that 


li Inx _ li I/x 
im = im i 


x00 x00 1 


=0. 


We conclude that lim,,... (In n)/n = 0. a 
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When we use |’HO6pital’s Rule to find the limit of a sequence, we often treat n as a 
continuous real variable and differentiate directly with respect to n. This saves us from 
having to rewrite the formula for a, as we did in Example 7. 


EXAMPLE 8 Does the sequence whose nth term is 


converge? If so, find lim,,—s00@). 


Solution The limit leads to the indeterminate form 1°. We can apply I’ H6pital’s Rule if 
we first change the form to 00+ 0 by taking the natural logarithm of a,,: 


Ina, = in(2 = 1) 
n-1 


Then, 
: : n+1 
lim Ina, = lim nln ( ) oo+0 form 
noo noo n— 1 
(: + ) 
In | ——— 
n-1 0 
= lim form 
noo 1 / n 0 
—2/ (nr? — 1) L’H6pital’s Rule: differentiate 
= lim 2 numerator and denominator. 
n—0o —1 / n 
; 2ne 
lim > = 2. 
no ne — | 


Since In a, — 2 and f(x) = e* is continuous, Theorem 4 tells us that 


a= e!DGn —> 2, 


n 


The sequence {a,,} converges to e”. | 


Commonly Occurring Limits 


The next theorem gives some limits that arise frequently. 


THEOREM 5 The following six sequences converge to the limits listed below: 


1 lim 2 = 0 2. tim Vn = 1 

3, limx!* = 1 (x > 0) 4. lim x” = (|x| < 1) 
. eV Lo 

5. lim (1 + *) =e (any x) 6. lim ae 0 (any x) 


In Formulas (3) through (6), x remains fixed as n — 00, 


Proof The first limit was computed in Example 7. The next two can be proved by tak- 
ing logarithms and applying Theorem 4 (Exercises 107 and 108). The remaining proofs 
are given in Appendix 5. a 


Factorial Notation 

The notation n! (“n factorial”) 

means the product 1-+2+3---n 

of the integers from 1 ton. 

Notice that (n + 1)! = (n + 1)-n!. 
Thus, 4! = 1-2-3-4 = 24 and 

5! = 1-2-3:4-5 = 5-4! = 120. 

We define 0! to be 1. Factorials grow 
even faster than exponentials, as the 
table suggests. The values in the table 
are rounded. 


n e 


5 148 120 
10 22,026 3,628,800 
20 4.9 x 108 2.4 x 10!8 
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EXAMPLE 9 These are examples of the limits in Theorem 5. 
In (1° 

(a) ( ) _2imn >2-0=0 Formula 1 

(b) Wr? = /" = (nl)? (12 = 1 Formula? 


(c) W/3n = 3¥*(nl") 1-1 =1 


Formula 3 with x = 3 and Formula 2 


(d) (- 1) —0 Formula 4 with x = -5 
(e) (: A 2) = (1 <b ?) >e@? Formula 5 with x = —2 
(f) a 0 Formula 6 with x = 100 a 


Recursive Definitions 


So far, we have calculated each a, directly from the value of n. But sequences are often 
defined recursively by giving 


1. The value(s) of the initial term or terms, and 


2. A rule, called a recursion formula, for calculating any later term from terms that 


precede it. 

EXAMPLE 10 

(a) The statements a, = | anda, = a,_,; + 1 forn > 1 define the sequence 1, 2,3,..., 
n,... Of positive integers. With a, = 1, wehavea, = a, + 1 = 2,a; = a, + 1 = 3, 
and so on. 

(b) The statements a, = 1 and a,=n-a,-, for n> 1 define the sequence 
1,2,6,24,...,n!,... of factorials. With a, = 1, we have a, = 2°a, = 2, 


a, = 3*a = 6,a% 4°a;, = 24, and so on. 

(c) The statements a, = 1, a = 1, and a,,,; =a, + a,_,; for n> 2 define the 
sequence 1, 1, 2,3,5,... of Fibonacci numbers. With a, = 1 and a, = 1, we have 
a,=1+1=2,a4,=2+4+ 1 = 3,a, = 3 + 2 = 5, andsoon. 

(d) As we can see by applying Newton’s method (see Exercise 135), the statements 
Xo = land x,+; = x, — [(sinx, — x,7)/(cos x, — 2x,)] forn > 0 define a sequence 
that, when it converges, gives a solution to the equation sinx — x? = 0. a 


Bounded Monotonic Sequences 


Two concepts that play a key role in determining the convergence of a sequence are those 
of a bounded sequence and a monotonic sequence. 


DEFINITIONS A sequence {a,} is bounded from above if there exists a 
number M such that a, = M for all n. The number M is an upper bound for 
{a,}. If M is an upper bound for {a,} but no number less than M is an upper 
bound for {a,,}, then M is the least upper bound for {a,}. 

A sequence {a,} is bounded from below if there exists a number m such 
that a, = m for all n. The number m is a lower bound for {a,,}. If m is a lower 
bound for {a,,} but no number greater than m is a lower bound for {a,}, then m 
is the greatest lower bound for {a,}. 

If {a,} is bounded from above and below, then {a,} is bounded. If {a,,} 
is not bounded, then we say that {a,} is an unbounded sequence. 
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Convergent sequences are bounded 


. 
Lu >n 


m 


FIGURE 10.6 Some bounded sequences 
bounce around between their bounds and 
fail to converge to any limiting value. 


>< 


>X 


| 
| 
| 
| 
| 
L 
0 N 


FIGURE 10.7 If the terms of a nonde- 
creasing sequence have an upper bound M, 
they have alimit L = M. 


EXAMPLE 11 


(a) The sequence 1, 2,3,...,n,... has no upper bound because it eventually surpasses 
every number M. However, it is bounded below by every real number less than or 
equal to 1. The number m = | is the greatest lower bound of the sequence. 


12 3 n 
(b) The sequence 5,3, 45-+++. 5 po 


than or equal to 1. The upper bound M = 1 is the least upper bound (Exercise 127). 


is bounded above by every real number greater 


The sequence is also bounded below by every number less than or equal to > which 

is its greatest lower bound. a 

If asequence {a,,} converges to the number L, then by definition there is a number N 
such that |a, — L| < 1ifn > N. That is, 


L-1l<a,<Ll+1 forn>N. 


If M is a number larger than L + 1 and all of the finitely many numbers a, a, ..., dy, 
then for every index n we have a, = M so that {a,} is bounded from above. Similarly, if 
mis anumber smaller than L — 1 and all of the numbers ay, ad, ... , Gy, then m is a lower 
bound of the sequence. Therefore, all convergent sequences are bounded. 

Although it is true that every convergent sequence is bounded, there are bounded 
sequences that fail to converge. One example is the bounded sequence {(—1)"*!} dis- 
cussed in Example 2. The problem here is that some bounded sequences bounce around in 
the band determined by any lower bound m and any upper bound M (Figure 10.6). An 
important type of sequence that does not behave that way is one for which each term is at 
least as large, or at least as small, as its predecessor. 


DEFINITIONS A sequence {a,} is nondecreasing if a, = a, for all n. That 
is, dj = d) = a, = .... The sequence is nonincreasing if a, = a,+, for all n. 
The sequence {a,} is monotonic if it is either nondecreasing or nonincreasing. 


EXAMPLE 12 
(a) The sequence 1, 2,3,...,n,... is nondecreasing. 
(b) The sequence . z, 3, on : po is nondecreasing. 
(c) The sequence 1, t s ‘ sav a ... 1§ nonincreasing. 
2°4’8 2 
(d) The constant sequence 3, 3,3,...,3,... is both nondecreasing and nonincreasing. 
(e) The sequence 1,—1,1,—1,1,—1, ... is not monotonic. | 


A nondecreasing sequence that is bounded from above always has a least upper 
bound. Likewise, a nonincreasing sequence bounded from below always has a greatest 
lower bound. These results are based on the completeness property of the real numbers, 
discussed in Appendix 6. We now prove that if L is the least upper bound of a nondecreas- 
ing sequence then the sequence converges to L, and that if L is the greatest lower bound of 
a nonincreasing sequence then the sequence converges to L. 


THEOREM 6—The Monotonic Sequence Theorem If asequence {a,} is both 
bounded and monotonic, then the sequence converges. 


Proof Suppose {a,} is nondecreasing, L is its least upper bound, and we plot the points 
(1, a)), (2, ao),... ,(", a,),... in the xy-plane. If M is an upper bound of the sequence, 
all these points will lie on or below the line y = M (Figure 10.7). The line y = L is the 
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lowest such line. None of the points (n, a,) lies above y = L, but some do lie above any 
lower line y = L — e, if € is a positive number. The sequence converges to L because 


a. a, = L for all values of n, and 
b. given any € > 0, there exists at least one integer N for which ay > L — e. 


The fact that {a,,} is nondecreasing tells us further that 


G, = ay > L—€ for alln = N. 


n 


Thus, all the numbers a, beyond the Nth number lie within € of L. This is precisely the 
condition for L to be the limit of the sequence {a, }. 
The proof for nonincreasing sequences bounded from below is similar. | 


It is important to realize that Theorem 6 does not say that convergent sequences are 
monotonic. The sequence {(—1)"*!/n} converges and is bounded, but it is not monotonic 
since it alternates between positive and negative values as it tends toward zero. What the 
theorem does say is that a nondecreasing sequence converges when it is bounded from 
above, but it diverges to infinity otherwise. 


Exercises 10.1 | 


Finding Terms of a Sequence 
Each of Exercises 1-6 gives a formula for the nth term a, of a 
sequence {a,}. Find the values of aj, a, a3, and ay. 


_1=n _ 1 
1. a, = 2 2. dy = 77 
(-1)"*! 
3. a, = ye I 4. a,=2+(-1)" 
2? 201 
5. a, = pati 6. a, = 7m 


Each of Exercises 7-12 gives the first term or two of a sequence along 
with a recursion formula for the remaining terms. Write out the first 
ten terms of the sequence. 


7. a, = 1, Gna, = a, + (1/2") 

8 a4 = 1, as, =a,/n t+ 1) 

9. a, = 2, aya, = 1)"*!a,/2 
10. a, = -2, ay4) = na,/(n + 1) 
VW. a, = a = 1, GQyt2 = Qe) + 


12. a, = 2, a) =—-1, Aysn = Anss/a, 


Finding a Sequence’s Formula 
In Exercises 13—26, find a formula for the nth term of the sequence. 


13. The sequence 1,—1,1,—1,1,... 
14. The sequence —1,1,—1,1,-1,... 


15. The sequence 1, —4, 9,—16, 25,... Squares of the positive inte- 
gers, with alternating signs 


1’s with alternating signs 


1’s with alternating signs 


16. The sequence 1, — . Aah aee ned Reciprocals of squares of 
the positive integers, with 
alternating signs 

T 2) 2003408 


1 


°9°12°15° 18 21” Powers of 2 divided by 


multiples of 3 


18. —5,-2 sad Integers differing by 2 
divided by products of 
consecutive integers 


19. The sequence 0, 3, 8, 15, 24,... 


Squares of the positive 
integers diminished by 1 


20. The sequence —3,—2,—1,0,1,... 
21. The sequence 1,5, 9, 13, 17,... 


Integers, beginning with —3 


Every other odd positive 
integer 


Every other even positive 
integer 


22. The sequence 2, 6, 10, 14, 18,... 


5 8 ll 14 17 


ph ee rr Integers differing by 3 


divided by factorials 


24 1 8 27 64 125 Cibesetccdites te 
” 25° 125’ 625’ 3125” 15,625’ ° panini positive integers 
ivided by powers of 5 


25. The sequence 1,0, 1,0, 1,... Alternating 1’s and 0’s 


26. The sequence 0, 1, 1, 2, 2,3,3,4,... Each positive integer 
repeated 


Convergence and Divergence 
Which of the sequences {a,} in Exercises 27-90 converge, and 
which diverge? Find the limit of each convergent sequence. 


n+ (-1)" 
27. a, = 2+ 01)" 28, a, = —— 
5 coos 
T+ 2n [—3Va 
1 — 5n4* n+3 
31. = —— 32. = > 
Oa Ge 8n? Be ee 5n + 6 
ae ae 
33, a, = n 2n+ 1 34 j= 1 n 
n—1 70 — 4r? 
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1 2/3 (In n)°° 
35. a, = 1+ (—1)" 36. a4, = I" 1 - | 84.4, = Vn +n 85. a, = 7 
—(nt+1 1 _ 1 _ i _ (nn)? _ 5 
37. a, = ( an 1 i) 38. a, (2 +) (3 t x) 86. a, = ma 87. a, =n—-Vn-—n 
7 (-1)"*! _ l n _ 1 
39. a, = md 40. a, = 5) 88. a, Vad eee 
2n 1 n n 
41. = 42. Sa ae 
mat n= Oo 89. a, = 7 i pa 90. a, = / Jdt, p> 
i \ ie 

{7 
43. a, = sin (3 Ss i) 44. a, = nz cos (nm) Recursively Defined Sequences 

; as In Exercises 91—98, assume that each sequence converges and find its 
45. q. = San 46. a, = Sin limit. 

*: n n ? n gn 2 

: an 91.4, = 2, ayy, = a, 
47. Qn = Fn 48. an ZG 

2 wr a, + 6 
yg atD - ia 9B ay = — 1, Ont = GED 

en dee 
Vn In 2n 93. a, = —4, Gui, = V8 + 2a, 
51. a, = 8!" 52. a, = (0.03)!/" 94. a, = 0, dy.; = V8 + 2a, 
7 n 1 n 95. aq, = 5, An+1 = Sa, 

53. a, = (1 F i) 54. a, = (1 = t) 96. a) = 3, dui, = 12 - Va, 

n n 9 { 1 { 1 { 1 
55. a, = V10n 56. a, = Vir 7. 2,2 4 72 : rr : 1 

24 > 24 Fl 

3 1/n at eee 

57. a= "| 5 58. a, = (n + 4l/ars 


2 
98. V1, V1 + V1, V14+ V14 V1, 
59. a, = 60. a, = Inn — In(v + 1) 
nin Wi eV t Vie ce 


61. a, = V4'n 62. a, = V3"! Theory and Examples 
99. The first term of a sequence is x, = 1. Each succeeding term is 
63.0 = nt (Hint: Compare with 1 /n.) the sum of all those that come before it: 
nN n’ ° * 
és 7 (-4)" es 7 n! Ant) = Xp 1 AQT TX 
* on Rl * on = 10% Write out enough early terms of the sequence to deduce a gen- 
wl 1\1/aam) eral formula for x, that holds for n = 2. 
O65 tig 2h <3" a (1) 100. A sequence of rational numbers is described as follows: 
1\" 3n +1)" 13717 aat+t+2b 
68. a, = Int 1 +, 69. a, = 3n — 1 P2512 °° bh atbi 
n \? x I/n Here the numerators form one sequence, the denominators form 
70. ay = n+l TA. ay, = mi)’ * >0 a second sequence, and their ratios form a third sequence. Let x, 
+ 3". 6 and y, be, respectively, the numerator and the denominator of 
72. a, = (1 = 4) 73. a, = eal the nth fraction 7, = x,/Yp. 
n> ni ; 
S a. Verify that x}? — 2y,? = —1,x)* — 2y,? = + 1 and, more 
4. a= voy 75. a. = tanhn generally, that if a? — 2b7 = —1 or + 1, then 
"(9/10)" + (11/12)" 7 
2 1 (a+ 2b% — 2a+bP?=+4+1 or —l, 
76. a, = sinh(Inn) 77. a, = sin 5 ; 
2n— 1 respectively. 
78, a, = n( ss t) 79. a, = Nak 1 b. The fractions 7, = Xn/ y, approach a limit as n increases. 
Vn What is that limit? (Hint: Use part (a) to show that 
+i T, — 2 = +(1/y,)° and that y, is not less than 7.) 
0: ae a) ee a 101. Newton’s method The following sequences come from the 
1 Vv" 1 recursion formula for Newton’s method, 
82. a, = —=tan'n 83. a, = (5) + 
Van 3 ve FO) 


An+1 = Xn 


Per 


Do the sequences converge? If so, to what value? In each case, 
begin by identifying the function f that generates the sequence. 


2 _ 

ax = 1, y+) =X is Sty A 

oH = T 
0 ? n+1 n 2x, 2 Xx, 
tanx, — 1 

b. xo = 1, Xnt1 = Xn D 
SeC~ X,, 

Cc. Xo = 1, Tn+1 = Xn ~ 1 


102. a. Suppose that f(x) is differentiable for all x in [0,1] and that 
f(O) = 0. Define sequence {a,} by the rule a, = nf(1/n). 
Show that lim,—..0a, = f'(0). Use the result in part (a) to find 
the limits of the following sequences {a,}. 


il 
b. a, = ntan!— c. da, = n(el/” — 1) 


n 


d.a, =n (1 + 2) 


103. Pythagorean triples A triple of positive integers a, b, and c is 
called a Pythagorean triple if a” + b? = c’. Let a be an odd 
positive integer and let 


_|@ = |& 
»-|$| and =| 4| 


be, respectively, the integer floor and ceiling for a”/2. 


tee 
vs 
——— 
Sirs 


a 


a. Show that a? + b? = c?. (Hint: Let a = 2n + 1 and express 
b and c in terms of n.) 


b. By direct calculation, or by appealing to the accompanying 
figure, find 


104. The nth root of n! 


a. Show that lim,_.0(2n7)!/2” = 1 and hence, using Stirling’ s 
approximation (Chapter 8, Additional Exercise 52a), that 


n n 
n! ~ @ for large values of n. 


T| b. Test the approximation in part (a) for n = 40, 50, 60, ..., as 
far as your calculator will allow. 


105. a. Assuming that lim,—.0(1/n°) = 0 if c is any positive con- 
stant, show that 


if c is any positive constant. 
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b. Prove that lim,—.o(1/n°) = 0 if c is any positive constant. 
(Hint: If € = 0.001 and c = 0.04, how large should N be to 
ensure that |1/n° — 0| < € ifn > N?) 
106. The zipper theorem Prove the “zipper theorem” for sequences: 
If {a,} and {b,} both converge to L, then the sequence 


a), b, a2, bo, see 9 Qn, Dy» one 


converges to L. 
107. Prove that lim, s0WVn = i. 
108. Prove that lim, .0x!/" = 1, (x > 0). 
109. Prove Theorem 2. 110. Prove Theorem 3. 


In Exercises 111-114, determine if the sequence is monotonic and if it 
is bounded. 


_3n+1 _ (Qn + 3)! 
111. a, = 112. a, = Fa ty 
id ga iid a =o 2S 


n! 2n 


Which of the sequences in Exercises 115-124 converge, and which 
diverge? Give reasons for your answers. 


115 =1=4 116. a, = 


n 


| 
= 
| 


2-1 
3” 


aR=1 
n on 


119. a, = (-1)" 4 (4 ‘) 


120. The first term of a sequence is x; = cos (1). The next terms are 
Xy = x, or cos (2), whichever is larger; and x; = x or cos (3), 
whichever is larger (farther to the right). In general, 


117. a 118. a, = 


Xn+1 = max {x,,cos(n + 1)}. 
ia 122. a, = "+4 
Va 
nt+1 n 
123. a, = a 


124. a, = 1, a4) = 2a, — 3 


In Exercises 125-126, use the definition of convergence to prove the 
given limit. 
sin n 


125. lim 22" = 9 126. im (1 = +) = 1 


n—0o noo n 


127. The sequence {n/(n + 1)} has a least upper bound of 1 
Show that if M is a number less than 1, then the terms of 
{n/(n + 1)} eventually exceed M. That is, if M < 1 there is 
an integer N such that n/(n + 1) > M whenever n > N. Since 
n/(n + 1) < 1 for every n, this proves that 1 is a least upper 
bound for {n/(n + 1)}. 


128. Uniqueness of least upper bounds Show that if M, and M, 
are least upper bounds for the sequence {a,,}, then M, = M. 
That is, a sequence cannot have two different least upper bounds. 


129. Is it true that a sequence {a,} of positive numbers must con- 
verge if it is bounded from above? Give reasons for your answer. 
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130. 


131. 


132. 


133. 


134. 


135. 


136. 
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Prove that if {a,} is a convergent sequence, then to every posi- 
tive number e€ there corresponds an integer N such that for all m 
and n, 


m>N and n>N => |a,—a,| <e. 


Uniqueness of limits Prove that limits of sequences are 
unique. That is, show that if L; and L, are numbers such that 
a, > L, and a, — L,, then L, = Ly. 


Limits and subsequences _ If the terms of one sequence appear 
in another sequence in their given order, we call the first 
sequence a subsequence of the second. Prove that if two sub- 
sequences of a sequence {a,} have different limits L,; ~ Lp, 
then {a,} diverges. 


For a sequence {a,,} the terms of even index are denoted by ay, 
and the terms of odd index by ay,,,. Prove that if a,,— L and 
axx.4, > L, then a, > L. 

Prove that a sequence {a,} converges to 0 if and only if the 
sequence of absolute values { |a,| } converges to 0. 

Sequences generated by Newton’s method Newton’s method, 
applied to a differentiable function f(x), begins with a starting 
value x, and constructs from it a sequence of numbers {x,,} that 
under favorable circumstances converges to a zero of f. The 
recursion formula for the sequence is 


fee) 
0 Gad 


Xn+1 = 


a. Show that the recursion formula for f(x) = x* — a,a > 0, 
can be written as x,+,; = (x, + a/x,)/2. 


b. Starting with x) = 1 and a = 3, calculate successive terms 
of the sequence until the display begins to repeat. What 
number is being approximated? Explain. 


A recursive definition of 7/2 If you start with x, = 1 and 
define the subsequent terms of {x,} by the tule 
Xn = Xy-1 + COS X,—1, you generate a sequence that converges 
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rapidly to 7/2. (a) Try it. (b) Use the accompanying figure to 
explain why the convergence is so rapid. 


> X 


COMPUTER EXPLORATIONS 
Use a CAS to perform the following steps for the sequences in Exer- 
cises 137-148. 


137. 


139. 


140. 


141. 


143. 
145. 


147. 


a. Calculate and then plot the first 25 terms of the sequence. 
Does the sequence appear to be bounded from above or 
below? Does it appear to converge or diverge? If it does 
converge, what is the limit L? 


b. If the sequence converges, find an integer N such that 
|a, — L| < 0.01 for n = N. How far in the sequence do 
you have to get for the terms to lie within 0.0001 of L? 


a, = Vn 138. a, = (1 + 95) 

aq, = 1, Gnt+1 = Gn 7 = 

a= 1, Gy+1 = An 7 (-2)" 

a, = sinn 142. a, =n sin 5 

a, = =" 144. a, = "2 

a, = (0.9999)" 146. a, = (123456)!/" 
7 gr 7 ne! 

An = 148. a, = 19" 


An infinite series is the sum of an infinite sequence of numbers 


a, t+at+a,trc: 


+a,t--: 


The goal of this section is to understand the meaning of such an infinite sum and to 
develop methods to calculate it. Since there are infinitely many terms to add in an infinite 
series, we cannot just keep adding to see what comes out. Instead we look at the result of 
summing just the first terms of the sequence. The sum of the first 7 terms 


Sn 


=a, +at+a,t+-:: 


+ ay 


is an ordinary finite sum and can be calculated by normal addition. It is called the nth partial 

sum. As n gets larger, we expect the partial sums to get closer and closer to a limiting value in 

the same sense that the terms of a sequence approach a limit, as discussed in Section 10.1. 
For example, to assign meaning to an expression like 


1,1,1 1 


l+5+ 5+ 5+ 4°: 


2 4 8 16 


HISTORICAL BIOGRAPHY 
Blaise Pascal 


(1623-1662) 
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we add the terms one at a time from the beginning and look for a pattern in how these 
partial sums grow. 


Suggestive expression 


Partial sum Value for partial sum 
First: ss =1 1 2-1 
1 3 1 
Second: malts 2 2-5 
“ad: _ Lg A a =! 
Third: 3 = lta ta A 2 4 
- ee area ! 2" 1 _l 
nth: Ss = 1+ 5) + 4 + + Ql gn-l 2 gn-l 


Indeed there is a pattern. The partial sums form a sequence whose nth term is 


This sequence of partial sums converges to 2 because lim,,..0(1/2"~!) = 0. We say 


“the sum of the infinite series 1 + 1 + E ae reek SE J 


a) a eee 


Is the sum of any finite number of terms in this series equal to 2? No. Can we actually add 
an infinite number of terms one by one? No. But we can still define their sum by defining 
it to be the limit of the sequence of partial sums as n — ©, in this case 2 (Figure 10.8). 
Our knowledge of sequences and limits enables us to break away from the confines of 
finite sums. 


DEFINITIONS Given a sequence of numbers {a,,}, an expression of the form 
ata +a,t-: tate: 


is an infinite series. The number a,, is the mth term of the series. The sequence { s, } 
defined by 
Ss; = ay 


Sy =a, + a 
n 
Sy, = a, + A,r °'° + a,= da 
k=1 


is the sequence of partial sums of the series, the number s, being the nth partial 
sum. If the sequence of partial sums converges to a limit L, we say that the series 
converges and that its sum is L. In this case, we also write 


co 
a,t+at::: Teg ee = Sia, = L. 
n=1 


If the sequence of partial sums of the series does not converge, we say that the 
series diverges. 
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i 
ie 
£ 


* : + 
0 1/2 Vs 2 


FIGURE 10.8 As the lengths 1, Us Uhss "hy ... are added one by one, the sum 
approaches 2. 


When we begin to study a given series a, + dy +--+: +a, +--+, we might not 
know whether it converges or diverges. In either case, it is convenient to use sigma nota- 
tion to write the series as 


A useful shorthand 


[oe} foe) 
when summation 
understood 
Geometric Series 
Geometric series are series of the form 
CO 
atartart+e:: tar! te = Sar 
n=1 


in which a and r are fixed real numbers and a # O. The series can also be written as 
fee) ¥ Seats A 
>n-0ar". The ratio r can be positive, as in 


eer ceed) ee 
2 #4 2 
or negative, as in 
ee eed Cr ee 
If r = 1, the nth partial sum of the geometric series is 
s, =ata(l)+ a0) +--+ + a0)! = na, 
and the series diverges because lim,_..0.5,, = +00, depending on the sign of a. If r = —1, 


the series diverges because the nth partial sums alternate between a and 0. If |r| # 1, we 
can determine the convergence or divergence of the series in the following way: 


Ss, =atartar?> +--+: +ar™! 
rs, = ar + ar? ++++ + ar"! + ar" Multiply s, by r. 
5; = 18,= a= "ar" Subtract rs, from s,,. Most of 
the terms on the right cancel. 
5(1 — r) = ad — r”) Factor. 
a(l — r”) 
a (r # 1). We can solve for s, ifr ¥ 1. 


If |r| < 1, then r?—> 0 as no (as in Section 10.1) and s, > a/(1 — r). If |r| > 1, 
then | r”| — 00 and the series diverges. 


If |r| < 1, the geometric series a + ar + ar? + +++ + ar”! +++ converges 
toa/(1 — r): 


Cc 
eas = i c , |r| <i. 
= 


If |r| = 1, the series diverges. 


oof 
¢ 3 
© © © 
=e © 
© @ ry ee 
. es © 
e ® @ © . 
= 
Mg © S ZA td 
es So 
po = S 
(b) 
FIGURE 10.9 (a) Example 3 shows how 


to use a geometric series to calculate the 
total vertical distance traveled by a bounc- 
ing ball if the height of each rebound is 
reduced by the factor r. (b) A stroboscopic 
photo of a bouncing ball. (Source: PSSC 
Physics, 2nd ed., Reprinted by permission 
of Educational Development Center, Inc.) 
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We have determined when a geometric series converges or diverges, and to what 
value. Often we can determine that a series converges without knowing the value to which 
it converges, as we will see in the next several sections. The formula a/(1 — r) for the 
sum of a geometric series applies only when the summation index begins with n = | in 
the expression Se art! (or with the index n = 0 if we write the series as ae ar”). 


EXAMPLE 1 The geometric series with a = 1/9 and r = 1/3 is 
te tot —1f1\""' 1/9 1 
ae ae - $4(3) = p=(pay 6 : 
EXAMPLE 2 The series 
w (1)'S 53 2.. 3 
Qe > 4tie wt 
is a geometric series with a = 5 and r = —1/4. It converges to 
a 5 
i=- (ema = 
EXAMPLE 3 


You drop a ball from a meters above a flat surface. Each time the ball 
hits the surface after falling a distance h, it rebounds a distance rh, where r is positive but 
less than |. Find the total distance the ball travels up and down (Figure 10.9). 


Solution The total distance is 


2ar l+r 


=ad+t 2ar t+ 2ar? + 2ar>t+-::: SE ae g 


a 


This sum is 2ar/(1 — r). 


If a = 6m and r = 2/3, for instance, the distance is 


(2) «30m 


Express the repeating decimal 5.232323 .. 


1+ @/3) 
1 — (2/3) — 


EXAMPLE 4 


. as the ratio of two integers. 
Solution From the definition of a decimal number, we get a geometric series 


23 23 23 


§939303,,., = 5422.4 + oe 
100 * Goo” (00; 
_ 23 1 1 2 a= 
iad (3 * 700 * (ta) . -) en 
SE eee 
1/1 — 0.01) 
by Of 1). 2 Bs 18 
> * 700 (ts) > + 99 = “99 7 


Unfortunately, formulas like the one for the sum of a convergent geometric series are rare 
and we usually have to settle for an estimate of a series’ sum (more about this later). The 
next example, however, is another case in which we can find the sum exactly. 


EXAMPLE 5 Find the sum of the “telescoping” series >) l 


n(n + 1)’ 


n=1 
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Caution 
Theorem 7 does not say that Syl 14y 


converges if a, — 0. It is possible for a 
series to diverge when a, — 0. 


Solution We look for a pattern in the sequence of partial sums that might lead to a for- 
mula for s,. The key observation is the partial fraction decomposition 


1 _1l 1 
nn+1) "™ nt? 


so 


and 


= es y_ = hs — 
w= (td) + (3) + G-d) ++ aa) 
Removing parentheses and canceling adjacent terms of opposite sign collapses the sum to 
1 


k+1 


We now see that s,—> | as k 00. The series converges, and its sum is 1: 


oe) 


1 _ 
ae a 


n=1 


y= lr 


The nth-Term Test for a Divergent Series 


One reason that a series may fail to converge is that its terms don’t become small. 


EXAMPLE 6 The series 


sn+1 2,3 ,4 nt+1 
ea St ta re 


n=1 
diverges because the partial sums eventually outgrow every preassigned number. Each 
term is greater than 1, so the sum of 7 terms is greater than n. BH 


We now show that lim,..a, must equal zero if the series Sa converges. To see 
why, let S represent the series’ sum and s, = a, + d) + +--+ +a, the nth partial sum. 
When n is large, both s,, and s,_, are close to S, so their difference, a,, is close to zero. 
More formally, 


n? 


Difference Rule 
for sequences 


a = $= 8-4 > §$-S=0. 


This establishes the following theorem. 


THEOREM 7 If 5) a, converges, then a, — 0. 


n=1 


Theorem 7 leads to a test for detecting the kind of divergence that occurred in Example 6. 


The nth-Term Test for Divergence 


(oe) 


> a, diverges if lim a, fails to exist or is different from zero. 
= noo 


n=1 


EXAMPLE 7 The following are all examples of divergent series. 


(a) > m diverges because n? — 00, 


n=1 
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nt 1 


(b) > et diverges because —, 


n 


> 1. lim,—+ cod, # 0 


(c) (—1)"*! diverges because lim,...(—1)"*! does not exist. 


—n 1 


(d) > —# diverges because lim 


2H ES Oona ge = 
EXAMPLE 8 The series 
1 1 1 1 1 1 1 1 1 
Loe et gt a ea 
a ee Sen eee er eee ren ee 
2 terms 4 terms 2” terms 


diverges because the terms can be grouped into infinitely many clusters each of which 
adds to 1, so the partial sums increase without bound. However, the terms of the series 
form a sequence that converges to 0. Example | of Section 10.3 shows that the harmonic 
series >1/n also behaves in this manner. o 


Combining Series 


Whenever we have two convergent series, we can add them term by term, subtract them 
term by term, or multiply them by constants to make new convergent series. 


THEOREM 8 If Sa, = A and Sb, = B are convergent series, then 


1. Sum Rule: 2G, 2) = Va? Ty A+ B 
2. Difference Rule: 2(6,.— 6.) = Za, 2b, =A HB 
3. Constant Multiple Rule: Dka, = ka, = kA (any number k). 


Proof The three rules for series follow from the analogous rules for sequences in 
Theorem 1, Section 10.1. To prove the Sum Rule for series, let 


A, =a +at+---+a, B,=b) +b +-+- +b 


n? n 


Then the partial sums of S(a, + b,) are 
S, = (ay + by) + (€) + bn) + +++ + (a, + D,) 
= (a, +++ +a,) + (bh + +++ +5,) 
=A, + B,. 


Since A, A and B,— B, we have s, >A + B by the Sum Rule for sequences. The 
proof of the Difference Rule is similar. 

To prove the Constant Multiple Rule for series, observe that the partial sums of Ska, 
form the sequence 


S, = ka, + kay + +++ + ka, = ka, + a) + +++ + 4,) = KA,, 
which converges to kA by the Constant Multiple Rule for sequences. O 


As corollaries of Theorem 8, we have the following results. We omit the proofs. 


1. Every nonzero constant multiple of a divergent series diverges. 


2. If Sa, converges and >b, diverges, then (a, + b,) and S(a, — b,) both 
diverge. 
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HISTORICAL BIOGRAPHY 
Richard Dedekind 


(1831-1916) 


Caution Remember that \(a, + b,,) can converge when Sa, and Sb, both diverge. For 
example, Sa,=1+1+1+-:: and Sb, =(-1) + C1) + (1) + --- diverge, 
whereas >(a, + b,) =0+ 0+ 0 +--> converges to 0. 


EXAMPLE 9 Find the sums of the following series. 


i ed Oe 7 Oa 1 
(a) > 6"! ~ > (54 4) 


n=1 n=1 


ra >> wi »> ra Difference Rule 
1 1 Geometric series with 
~ 1-0/2) 1-(/6) 9 a= andr = 1/2,1/6 
ae, ee 
= 55 
(b) = Qn 4> Qn Constant Multiple Rule 
n=0 n=0 
=4 — Geometric series with a = 1,r = 1/2 
d= (172) . 


Adding or Deleting Terms 


We can add a finite number of terms to a series or delete a finite number of terms without 

altering the series’ convergence or divergence, although in the case of convergence this will 
le @) Co 

usually change the sum. If },,-, a, converges, then >),,-,a, converges for any k > | and 


. co (oe) 
Conversely, if + ,,=;,4@, converges for any k > 1, then \,,-, a, converges. Thus, 


toto. I 
Vs 5 ta5t post De 


n=4 


and 


1 | ee 1 
34-(53) 5° 35 (125 


n=1 


The convergence or divergence of a series is not affected by its first few terms. Only the 
“tail” of the series, the part that remains when we sum beyond some finite number of ini- 
tial terms, influences whether it converges or diverges. 


Reindexing 


As long as we preserve the order of its terms, we can reindex any series without altering its 
convergence. To raise the starting value of the index h units, replace the n in the formula 
for a, by n — h: 


fore) fore) 
Sa, = SD) aap = 4 + ay + a, +: 
n=1 n=\1+h 


To lower the starting value of the index h units, replace the n in the formula for a, by n + h: 


[oe] (oe) 
a= D Fata = a + a, + a3 + °° 
n=1 n=1-h 
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We saw this reindexing in starting a geometric series with the index n = 0 instead of the 
index n = 1, but we can use any other starting index value as well. We usually give prefer- 
ence to indexings that lead to simple expressions. 


EXAMPLE 10 We can write the geometric series 
co 
1 1,1 
Zot gt gt 
as 
oe) co co 
1 1 1 
re are or even : 
x on >» Qn 5 2, gua 
The partial sums remain the same no matter what indexing we choose to use. o 


Exercises 10.2 | 


Finding nth Partial Sums 
In Exercises 1—6, find a formula for the nth partial sum of each series 
and use it to find the series’ sum if the series converges. 


t 2 i 2 {| 2 fies ie oo: 2 fee eg 
1. 2 T 3 T 9 T oy] T t 3 + 
2. 2 t 9 | 9 | 9 fe gt 
* 100 " 1002 * 1003 — "100" | 

1 1 1 1 n-1 1 

3. : 2 4 8 ; ( 1) gn-l 
4.1 2+4 8 eee byt get + 
5. — | Ie Nisei I — 
"2+3 5 3+4 0 455 (n+ Din + 2) | 
6 BP gD ai weg 5 


1-2 2-3' 34 nn+1) 

Series with Geometric Terms 

In Exercises 7-14, write out the first eight terms of each series to 
show how the series starts. Then find the sum of the series or show 
that it diverges. 


St 2a ll Sr ll 
11. >(3 + i) 12. >(3 = +) 
seat 1 (-1)" font 

13. > (% a. ) 14, > (2) 


In Exercises 15-18, determine if the geometric series converges or 
diverges. If a series converges, find its sum. 


)-0)-0-~ 


(-3) + (-3 + (-3)¢ + °°: 


-2\, (-2\' , (-2\" , (-2Y . (-2\°, 
18. (2) -(2) -(2) -(2) i) een 
Repeating Decimals 


Express each of the numbers in Exercises 19-26 as the ratio of two 
integers. 


19. 0.23 = 0.23 23 23... 

20. 0.234 = 0.234 234 234... 

21. 0.7 = 0.7777... 

22. 0.d = 0.dddd... , where disa digit 
23. 0.06 = 0.06666... 

24. 1.414 = 1414414414... 

25. 1.24123 = 1.24 123 123 123... 

26. 3.142857 = 3.142857 142857... 
Using the nth-Term Test 


In Exercises 27-34, use the nth-Term Test for divergence to show that 
the series is divergent, or state that the test is inconclusive. 


= n = n(n + 1) 
is >» n+ 10 a Si (n + 2)(n + 3) 
29. 30. 

data Sir + 3 

[oe} 1 [oe) n 
31. = COS 77 32. >> aa 
33. » int 34. > COs n7r 

n=1 


Telescoping Series 

In Exercises 35—40, find a formula for the nth partial sum of the series 
and use it to determine if the series converges or diverges. If a series 
converges, find its sum. 


= (1 1 — (3 3 
3. (5-744) x. 5 (3-—3,) 


n=1 n=1 


37. S (InVn eee i InVn) 
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38. >) (tan (n) — tan(n — 1)) 


n=1 


= afl afl 
39. p> (cos (, rma cos | 5 


40. > (Vn + 4- Vn + 3) 


Find the sum of each series in Exercises 41-48. 


S 6 
oo > Gn —DQ2n +1) 


n=1 


= 4 
41. > (4n — 3)(4n + 1) 


ee) 


40n 2n + 1 
43. 44, te ae ae 
? > (2n — 1)?(2n + 1)? >» w(n + 1) 


a {1 1 Sf 1 1 

6 3(e-ven) © BGn- ae) 
= 1 1 

ats p> Cr +2) In(nt+ 5) 


48. >) (tan !(n) — tan'(n + 1)) 


n= 


Convergence or Divergence 
Which series in Exercises 49-68 converge, and which diverge? Give 
reasons for your answers. If a series converges, find its sum. 


49. > Gal 50. d(v2) 


51. Deus Seley 
n=1 n=1 

53. BY cos (“¢) 54. Dy ——E- 
n=0 n=0 

55. Se 56. > inz, 
n=0 n=1 
ey 2 = 1 

Si, a 58. ar c| 
>» Wh De |x| 
2" - 1 = 1\" 

59. > mo 60. > (1 - t) 
= ni a nt" 

61. 7000" 62. >» = 
oo Qn 4 3" oo gn 4 qn 

63. > qn 64. > 3” Ae 4n 


ss. 3 
67. > (2) 68. S 


n = n 
Sn; 4 :) Go: Sm(5; < :} 


Geometric Series with a Variable x 

In each of the geometric series in Exercises 69-72, write out the first 
few terms of the series to find a and r, and find the sum of the series. 
Then express the inequality |r| < 1 in terms of x and find the values 
of x for which the inequality holds and the series converges. 


69. SC 1"x" 70. SC” 


n=0 n=0 


ec) x- 1 n co (-1)" 1 n 
“ >3( 2 ) x 2 & aan) 


In Exercises 73-78, find the values of x for which the given geometric 
series converges. Also, find the sum of the series (as a function of x) 
for those values of x. 


7: Soe 74. SClye” 
n=0 n=0 

6. Seyret iy 76. > (- ;) aSay 
n=0 n=0 

77, > sins 78. >) (In x)" 
n=0 n=0 


Theory and Examples 
79. The series in Exercise 5 can also be written as 


YarpatD ™ BYasvgnnsH 


n=1 n=-1 


Write it as a sum beginning with (a) n = —2, (b) n = 0, 
(c)n = 5. 
80. The series in Exercise 6 can also be written as 
a. 
ann + 1) h(n + In + 2) 
Write it as a sum beginning with (a) n =~—1, (b) n = 3, 
(c) n = 20. 


81. Make up an infinite series of nonzero terms whose sum is 
a. 1 b. —3 c. 0. 
82. (Continuation of Exercise 81.) Can you make an infinite series of 


nonzero terms that converges to any number you want? Explain. 


83. Show by example that (a,/b,) may diverge even though a,, 
and Sb, converge and no b, equals 0. 

84. Find convergent geometric series A = Sa, and B = Sb, that 
illustrate the fact that a,b, may converge without being equal 
to AB. 

85. Show by example that (a,/b,) may converge to something 
other than A/B even when A = a,,B = Yb, # 0, and no b, 
equals 0. 

86. If Sa, converges and a, > 0 for all n, can anything be said 
about >(1/a,)? Give reasons for your answer. 

87. What happens if you add a finite number of terms to a divergent 
series or delete a finite number of terms from a divergent series? 
Give reasons for your answer. 

88. If Sa, converges and Sb, diverges, can anything be said about 
their term-by-term sum >\(a, + b,,)? Give reasons for your answer. 

89. Make up a geometric series Sar"! that converges to the number 
Sif 
a a=2 b. a = 13/2. 

90. Find the value of b for which 


91. For what values of r does the infinite series 


converge? Find the sum of the series when it converges. 


92. 


93. 


94. 


95. 


The accompanying figure shows the first five of a sequence of 
squares. The outermost square has an area of 4 m?. Each of the 
other squares is obtained by joining the midpoints of the sides of 
the squares before it. Find the sum of the areas of all the squares. 


Drug dosage A patient takes a 300 mg tablet for the control of 
high blood pressure every morning at the same time. The concen- 
tration of the drug in the patient’s system decays exponentially at 
a constant hourly rate of k = 0.12. 


a. How many milligrams of the drug are in the patient’s system 
just before the second tablet is taken? Just before the third 
tablet is taken? 


b. In the long run, after taking the medication for at least six 
months, what quantity of drug is in the patient’s body just 
before taking the next regularly scheduled morning tablet? 


Show that the error (L — s,) obtained by replacing a convergent 
geometric series with one of its partial sums 5, is ar"/(1 — r). 


The Cantor set To construct this set, we begin with the closed 
interval [0,1]. From that interval, remove the middle open 
interval (1/3, 2/3), leaving the two closed intervals [ 0, 1/3] and 
[2/3,1]. At the second step we remove the open middle third 
interval from each of those remaining. From [ 0, 1/3 ] we remove 
the open interval (1/9,2/9), and from [2/3,1] we remove 
(7/9, 8/9), leaving behind the four closed intervals [0, 1/9], 
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96. 
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[2/9,1/3 ], [ 2/3, 7/9], and [ 8/9, 1]. At the next step, we 
remove the middle open third interval from each closed interval 
left behind, so (1/27, 2/27) is removed from [ 0, 1/9 ], leaving 
the closed intervals [ 0, 1/27] and [ 2/27, 1/9]; (7/27, 8/27) 
is removed from [ 2/9, 1/3], leaving behind [ 2/9, 7/27 ] and 
[ 8/27, 1/3], and so forth. We continue this process repeatedly 
without stopping, at each step removing the open third interval 
from every closed interval remaining behind from the preceding 
step. The numbers remaining in the interval [ 0, 1 ], after all open 
middle third intervals have been removed, are the points in the 
Cantor set (named after Georg Cantor, 1845-1918). The set has 
some interesting properties. 


a. The Cantor set contains infinitely many numbers in [ 0, 1 ]. 
List 12 numbers that belong to the Cantor set. 


b. Show, by summing an appropriate geometric series, that the 
total length of all the open middle third intervals that have 
been removed from [ 0, 1 ] is equal to 1. 


Helga von Koch’s snowflake curve Helga von Koch’s snow- 
flake is a curve of infinite length that encloses a region of finite 
area. To see why this is so, suppose the curve is generated by 
starting with an equilateral triangle whose sides have length 1. 


a. Find the length L, of the nth curve C, and show that 
lim, 00 L, = ©. 


b. Find the area A,, of the region enclosed by C,, and show that 
lim, +00 A, = (8/5) Aj. 


A Masts 


The most basic question we can ask about a series is whether it converges or not. In this 
section and the next two, we study this question, starting with series that have nonnegative 
terms. Such a series converges if its sequence of partial sums is bounded. If we establish 
that a given series does converge, we generally do not have a formula available for its sum. 
So for a convergent series, we need to investigate the error involved when using a partial 
sum to approximate its total sum. 


Nondecreasing Partial Sums 


Suppose that Si a, 1s an infinite series with a, = O for all n. Then each partial sum is 
greater than or equal to its predecessor because s,,., = Ss, + d,, SO 


SSH SHS Ss, FS SHy = 


Since the partial sums form a nondecreasing sequence, the Monotonic Sequence Theorem 
(Theorem 6, Section 10.1) gives the following result. 


COROLLARY OF THEOREM6 A series ©, 1a, of nonnegative terms converges 
if and only if its partial sums are bounded from above. 
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(1, fC) 
Graph of f(x) = + 


(2, f(2)) 
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FIGURE 10.10 The sum of the areas 
of the rectangles under the graph of 

f(x) = 1/ x2 is less than the area under the 
graph (Example 2). 


Caution 
The series and integral need not have 


the same value in the convergent case. 
You will see in Example 6 that 


Dror (1/n?) 4 fp Up?) dx = 1. 
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EXAMPLE 1 As an application of the above corollary, consider the harmonic series 
— 1 1.1 I 
noitatgtoctate. 


Although the nth term | /n does go to zero, the series diverges because there is no upper 
bound for its partial sums. To see why, group the terms of the series in the following way: 


oe eam Pg tets4 1,1 1 
+t (det)s(Letelede (dete tbyee 


ee 
a = pag 
Pg =F aes = 


The sum of the first two terms is 1.5. The sum of the next two terms is 1/3 + 1/4, which 
is greater than 1/4 + 1/4 = 1/2. The sum of the next four terms is 1/5 + 1/6 + 

1/7 + 1/8, which is greater than 1/8 + 1/8 + 1/8 + 1/8 = 1/2. The sum of the next 
eight terms is 1/9 + 1/10 + 1/11 + 1/12 + 1/13 + 1/14 + 1/15 + 1/16, which is 
greater than 8/16 = 1/2. The sum of the next 16 terms is greater than 16/32 = 1/2, and 
so on. In general, the sum of 2” terms ending with 1/2"*! is greater than 2”/2"+! = 1/2. 
If n = 2*, the partial sum s, is greater than k/2, so the sequence of partial sums is not 
bounded from above. The harmonic series diverges. | 


The Integral Test 


We now introduce the Integral Test with a series that is related to the harmonic series, but 
whose nth term is 1 /n? instead of 1 /n. 


EXAMPLE 2 Does the following series converge? 
= i: t:,. 1 
Da Legtotigt tat 


n 


Solution We determine the convergence of S>~;(1/n2) by comparing it with 
I ( 1/ x?) dx. To carry out the comparison, we think of the terms of the series as values of 
the function f(x) = 1/x? and interpret these values as the areas of rectangles under the 
curve y = 1/x?. 

As Figure 10.10 shows, 


FQ) + FQ + FB) + +++ + FH) 


< f(1) +f sax 
1* 


<i+f Lax 
1 x 


<1+1=2. 


Rectangle areas sum to less 
than area under graph. 


/PQ/2?) dx < SPU?) dx 


As in Section 8.8, Example 3, 


SUL?) de =f, 


Thus the partial sums of 4 (1/n?) are bounded from above (by 2) and the series 
converges. a 


THEOREM 9—The Integral Test Let {a,} be a sequence of positive terms. 
Suppose that a, = f(n), where f is a continuous, positive, decreasing function of 
x for all x = N (Na positive integer). Then the series pas nya, and the integral 
I, ~ f(x) dx both converge or both diverge. 


FIGURE 10.11 Subject to the con- 
ditions of the Integral Test, the series 
>- a, and the integral | a f(x) dx both 
converge or both diverge. 
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Proof We establish the test for the case N = 1. The proof for general N is similar. 

We start with the assumption that f is a decreasing function with f(n) = a, for every 
n. This leads us to observe that the rectangles in Figure 10.11a, which have areas 
a, 4>,...,4a,, collectively enclose more area than that under the curve y = f(x) from 
x=1tox=n-+ 1. That is, 


nel 
i f(x)dx Sa, +a,t+-+:: +4, 
1 


In Figure 10.11b the rectangles have been faced to the left instead of to the right. If we 
momentarily disregard the first rectangle of area a,, we see that 


If we include a,, we have 


dy + a3 4°": 


+ a, = / f(x) dx. 
1 


n 
ay Fag Foe ta sa+ | fara 
I 


Combining these results gives 


n+1 


fmdxsatat::: ta sat f fade 
1 


These inequalities hold for each n, and continue to hold as n — oo, 


a If i ‘. f(x) dx is finite, the right-hand inequality shows that a, is finite. If 
, (x) dx is infinite, the left-hand inequality shows that a, is infinite. Hence the series 
and the integral are both finite or both infinite. a 


EXAMPLE 3 Show that the p-series 


co 


> 


n=1 


1 1 


1 1 


nP |P 


ope oy 


1 
Sap og ee 


(p areal constant) converges if p > 1, and diverges if p = 1. 


Solution If p > 1, then f(x) = 1/2? is a positive decreasing function of x. Since 


ae oe) Pt b 
/ —> ax = / x? dx = lim od 
1 x I b>oo| —p + 1 


e 


: lim = 1 
— P bow \ bP 1 


bP-! > cas b—00 


=) p=. because p — 1 > 0. 


the series converges by the Integral Test. We emphasize that the sum of the p-series is not 
1/(p — 1). The series converges, but we don’t know the value it converges to. 
If p = 0, the series diverges by the nth-term test. If 0 < p < 1, then 1 — p > 0 and 


| #e- 
1 2 


i or ee = 
io ere l=o. 


The series diverges by the Integral Test. 
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ys 1 
The p-series — 
n=1 n 


converges if p > 1, diverges if p = 1. 


If p = 1, we have the (divergent) harmonic series 


Lx] 1 
ne ee ee 
We have convergence for p > 1 but divergence for all other values of p. | 


The p-series with p = | is the harmonic series (Example 1). The p-Series Test 
shows that the harmonic series is just barely divergent; if we increase p to 1.000000001, 
for instance, the series converges! 

The slowness with which the partial sums of the harmonic series approach infinity is 
impressive. For instance, it takes more than 178 million terms of the harmonic series to 
move the partial sums beyond 20. (See also Exercise 43b.) 


EXAMPLE 4 The series 5), (1/(2 + 1)) is not a p-series, but it converges by the 
Integral Test. The function f(x) = 1/(x? + 1) is positive, continuous, and decreasing for 
x = 1, and 


Ss, 
; 8 
ae 
+ | 
“3 

| 


= jim, [ arctan x |’ 


lim [ arctan b — arctan 1 ] 
b—-oco 


2 4 4 
The Integral Test tells us the series converges, but 7/4 is not the sum of the series. a 
EXAMPLE 5 Determine the convergence or divergence of the series. 
Sg? — 1 
(a) py ne” (b) > Tne 
Solutions 


(a) We apply the Integral Test and find that 


* 1 [od 
Xx Uu 
| e dx = a ol u = x?, du = 2x dx 
1 1 


1 b 
= in| 30] 


er 1 1\) 1 
sim ( 2e” r i) 2e° 


Since the integral converges, the series also converges. 


(b) Again applying the Integral Test, 


: a = | oe u = Inx,x = e", dx = e" du 
1 20 0 
((s) ) 
= lim 1) =o, (e/2) >1 
ren (§) KW? 


The improper integral diverges, so the series diverges also. ia 


Error Estimation 


For some convergent series, such as the geometric series or the telescoping series in 
Example 5 of Section 10.2, we can actually find the total sum of the series. That is, we can 
find the limiting value S of the sequence of partial sums. For most convergent series, 
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however, we cannot easily find the total sum. Nevertheless, we can estimate the sum by add- 
ing the first 1 terms to get s,, but we need to know how far off s,, is from the total sum S. 

Suppose that a series }a,, is shown to be convergent by the Integral Test, and we want 
to estimate the size of the remainder R,, measuring the difference between the total sum S 
of the series and its nth partial sum s,. That is, we wish to estimate 

R, =S- Sn = An+1 + Gn+2 + Qn+3 Ae ES, 

To get a lower bound for the remainder, we compare the sum of the areas of the rect- 

angles with the area under the curve y = f(x) for x = n (see Figure 10.1 1a). We see that 


co 


R, = Gn+1 + Gn+2 + Qn+3 a f(x) dx. 
Similarly, from Figure 10.11b, we find an upper bound with 
R, = An+1 + Qn+2 + An+3 Foes / f(x) dx. 


These comparisons prove the following result, giving bounds on the size of the remainder. 


Bounds for the Remainder in the Integral Test 


Suppose {a,} is a sequence of positive terms with a, = f(k), where f is a con- 
tinuous positive decreasing function of x for all x = n, and that Sa, converges 
to S. Then the remainder R, = S — s, satisfies the inequalities 


/ f@) dx = R, =| f(x) dx. (1) 
n+1 n 


If we add the partial sum s, to each side of the inequalities in (1), we get 


CO 


Sy + f@) dx =S=s, + / F(x) dx (2) 


n+1 


since s, + R, = S. The inequalities in (2) are useful for estimating the error in approxi- 
mating the sum of a series known to converge by the Integral Test. The error can be no 
larger than the length of the interval containing S, with endpoints given by (2). 


EXAMPLE 6 Estimate the sum of the series }(1 /n’) using the inequalities in (2) and 
n= 10. 


Solution We have that 


a ee it. ig De. A 
[ fem jim|-$]= gm (-B+ 4) = 


Using this result with the inequalities in (2), we get 


25 

10° 

Taking sj) = 1 + (1/4) + (1/9) + (1/16) +--+ + (1/100) = 1.54977, these last 
inequalities give 


so + SSS st 


1.64068 = S = 1.64977. 


If we approximate the sum S by the midpoint of this interval, we find that 


ee ~ 1.6452. 


n=1 
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The p-series for p = 2 
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The error in this approximation is then less than half the length of the interval, so the error 
is less than 0.005. Using a trigonometric Fourier series (studied in advanced calculus), it 


foe) 9) : 2 ay 
> - — F 164493 can be shown that S is equal to 7/6 1.64493. a 
n=l 6 

Applying the Integral Test oo: oo 

Use the Integral Test to determine if the series in Exercises 1-10 con- 39. >) sechn 40. >) sech*n 


verge or diverge. Be sure to check that the conditions of the Integral 
Test are satisfied. 


n = n—4 
9. per 10. err 


Determining Convergence or Divergence 

Which of the series in Exercises 11-40 converge, and which diverge? 
Give reasons for your answers. (When you check an answer, remem- 
ber that there may be more than one way to determine the series’ con- 
vergence or divergence.) 


Tr 12. >» en 


13. Deri 


a = 3 
14, 5. ¥—= 16. 
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17. > -5 i. 
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Theory and Examples 
For what values of a, if any, do the series in Exercises 41 and 42 converge? 


— (4 1 = (1 2a 
a. 3 (=45-s44) an (4-74) 
43. a. Draw illustrations like those in Figures 10.11a and 10.11b to 


show that the partial sums of the harmonic series satisfy the 
inequalities 


n+1 
nae y= f oe 
1 


n 
si+/ Fd =1+Inn. 
1 


T| b. There is absolutely no empirical evidence for the divergence 
of the harmonic series even though we know it diverges. The 
partial sums just grow too slowly. To see what we mean, sup- 
pose you had started with s; = 1 the day the universe was 
formed, 13 billion years ago, and added a new term every 
second. About how large would the partial sum s,, be today, 
assuming a 365-day year? 


: co 7 

44. Are there any values of x for which > ,,-(1/nx) converges? Give 
reasons for your answer. 

45. Is it true that if },-1a, is a divergent series of positive numbers, 
then there is also a divergent series \,,-,b, of positive numbers 
with b, < a, for every n? Is there a “smallest” divergent series of 
positive numbers? Give reasons for your answers. 

46. (Continuation of Exercise 45.) Is there a “largest” convergent 
series of positive numbers? Explain. 

47. S41 (1/ Vn + 1) diverges 


a. Use the accompanying graph to show that the partial sum 


iy (1/ Vn + 1) satisfies 


51 l 50 1 


——— dx < 5) < ——— dx. 
i Wrse tb = o Vx+1 


Conclude that 11.5 < ss5y < 12.3. 


y 


b. What should n be in order that the partial sum 
5, = Lier (1/Vi + 1) satisfy s, > 1000? 


48. >7_, (1/n*) converges 


49. 
50. 


51. 


52. 


53. 


54. 


55. 


56. 


a. Use the accompanying graph to find an upper bound for the 
error if 539 = a (1 /n*) is used to estimate the value of 


S/n’). 


y 
A 
2x 1076+ f@) = + 
[> 
[ | a 
I i 
(es ee ee Eee 
29 30 31 32 33 


b. Find n so that the partial sum s, = >/_, (1/i*) estimates the 
co 
value of >; (1/n*) with an error of at most 0.000001. 


Estimate the value of 5>~, (1/3) to within 0.01 of its exact value. 


Estimate the value of ae (1/(72 + 4)) to within 0.1 of its exact 
value. 


How many terms of the convergent series eee (1/n'') should 
be used to estimate its value with error at most 0.00001? 


How many terms of the convergent series pee (1/ndn n>) 
should be used to estimate its value with error at most 0.01? 


The Cauchy condensation test The Cauchy condensation test 
says: Let {a,} be a nonincreasing sequence (a, = a,+ for all n) 
of positive terms that converges to 0. Then Sa, converges if and 
only if 2"a. converges. For example, > (1/n) diverges because 
>2"+(1/2") = S1 diverges. Show why the test works. 


Use the Cauchy condensation test from Exercise 53 to show that 
— 1 

a. —— diverges; 
>> ninn 8 


b. y J converges if p > 1 and diverges if p = 1. 


n=1 
Logarithmic p-series 
a. Show that the improper integral 


a (p a positive constant) 
> x(In x)? ee? 
converges if and only if p > 1. 


b. What implications does the fact in part (a) have for the con- 
vergence of the series 


love) 


erin 
n(n ny? 


n=2 


Give reasons for your answer. 


(Continuation of Exercise 55.) Use the result in Exercise 55 to 
determine which of the following series converge and which 
diverge. Support your answer in each case. 


— 1 —~ 1 
a. . and 
24 ndin n) n=2n(In ny" 
ie! a 
; n=2"1 In (n3) , n=2N (In ny 
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57. Euler’s constant Graphs like those in Figure 10.11 suggest that as 


58. 


59. 


60. 
61. 


62. 


n increases there is little change in the difference between the sum 


1 1 
IFS tre 


n 
inn = [ de. 
1 


To explore this idea, carry out the following steps. 


and the integral 


a. By taking f(x) = 1/x in the proof of Theorem 9, show that 


Inn +I S145 +e +5514 Inn 
or 
O<In@@+1)-Inn 1454-045 -Inn=1 
Thus, the sequence 
a,= 14 ! + t ! Inn 


is bounded from below and from above. 
b. Show that 


1 aee| 
aoe yak = In(a + 1) 


and use this result to show that the sequence {a,,} in part (a) 
is decreasing. 


Inn, 


Since a decreasing sequence that is bounded from below con- 
verges, the numbers a,, defined in part (a) converge: 


leptin 45 Inn y. 
The number y, whose value is 0.5772 .. ., is called Euler’s 


constant. 


Use the Integral Test to show that the series 


converges. 


a. For the series }(1 / nm), use the inequalities in Equation (2) 
with n = 10 to find an interval containing the sum S. 


b. As in Example 5, use the midpoint of the interval found in 
part (a) to approximate the sum of the series. What is the 
maximum error for your approximation? 


Repeat Exercise 59 using the series (1 /n*). 


Area Consider the sequence {1/n}°°,. On each subinterval 
(1/(n + 1), 1/n) within the interval [0,1], erect the rectangle 
with area a, having height 1 /n and width equal to the length of 
the subinterval. Find the total area Sa, of all the rectangles. 
(Hint: Use the result of Example 5 in Section 10.2.) 


Area_ Repeat Exercise 61, using trapezoids instead of rectan- 
gles. That is, on the subinterval (1/(n + 1), 1/n), let a, denote 
the area of the trapezoid having heights y = 1/(m + 1) at 
x= 1/(a+ 1) andy = 1/nat x = 1/n. 
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l 0.4 Comparison Tests 


We have seen how to determine the convergence of geometric series, p-series, and a few 
others. We can test the convergence of many more series by comparing their terms to those 
of a series whose convergence is known. 


THEOREM 10—The Comparison Test Let da,, dc,, and Sd, be series with 
nonnegative terms. Suppose that for some integer NV 


dy Sd, = C; for all n>N. 


c (a) If Sc, converges, then >a, also converges. 
(b) If Sd, diverges, then \’a, also diverges. 


Proof In Part (a), the partial sums of Sa, are bounded above by 


co 
M=a,+ a)+°++++ay+ > Cus 
n=N+1 
FIGURE 10.12 If the total area Sc, 


Soa They therefore form a nondecreasing sequence with a limit L = M. That is, if Sc, con- 
of the taller c, rectangles is finite, then 


verges, then so does Sa, Figure 10.12 depicts this result, where each term of each series is 
interpreted as the area of a rectangle (just as we did for the Integral Test in Figure 10.11). 

In Part (b), the partial sums of Sa, are not bounded from above. If they were, the 
partial sums for >d,, would be bounded by 


so is the total area Sa, of the shorter 
a,, rectangles. 


co 
M’ = d, + d+---+dy+ SY a, 
n=N+1 


and >'d, would have to converge instead of diverge. O 


EXAMPLE 1 We apply Theorem 10 to several series. 


(a) The series 


— 5 
24 


diverges because its nth term 


5 1 1 
= > 
5n — 1 a2 17 4n 
5 
ie aca is greater than the nth term of the divergent harmonic series. 
Albert of Saxony j 
(ca. 1316-1390) (b) The series 
co 
1 1 1 1 
Digg ag op ay 
n=0 
converges because its terms are all positive and less than or equal to the corresponding 
terms of 
co 
i? > ate isg tt = 


n=0 
The geometric series on the left converges and we have 


1 1 
1+ Sa=1+ = 3 
22 1 — (1/2) 
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The fact that 3 is an upper bound for the partial sums of pee al /n!) does not mean 
that the series converges to 3. As we will see in Section 10.9, the series converges to e. 


(c) The series 


yee | 1 1 1 1 
54+5+2a4+14+ + + Se 

a i 2+V1l 4+V2 8+V3 2+ Vn 
converges. To see this, we ignore the first three terms and compare the remaining 
terms with those of the convergent geometric series pea | /2"). The term 
1/ (2 + Vn) of the truncated sequence is less than the corresponding term 1/2” of 
the geometric series. We see that term by term we have the comparison 


1 1 1 1d tl 
1+ + + feeeS1ti¢et¢soters, 
2+V1l 44+ V2 8+ V3 2 4 8 
So the truncated series and the original series converge by an application of the Com- 
parison Test. a 


The Limit Comparison Test 


We now introduce a comparison test that is particularly useful for series in which a, is a 
rational function of n. 


THEOREM 11—Limit Comparison Test Suppose that a, > 0 and b, > 0 for 
alln = N (N an integer). 


a 
1. If lim ~ = c > 0, then Sa, and Sb, both converge or both diverge. 


no DO), 


a 
2. If lim — = 0 and Sb, converges, then Sa, converges. 


nw Oy» 


a 
3. If lim " = oo and Sb, diverges, then Sa, diverges. 


nod), 


Proof We will prove Part 1. Parts 2 and 3 are left as Exercises 55a and b. 
Since c/2 > 0, there exists an integer N such that for all n 


Limit definition with 


n>N=> — ee. € = c/2,L =, and 
b, 2 a, replaced by a,/b, 
Thus, forn > N, 
(6 ay Cc 
= c< 
2 b, 2° 
Cc ay 3c 
2 2° 


If Sb, converges, then + (3c/2)b, converges and >a, converges by the Direct Compari- 
son Test. If Sb, diverges, then > (c/2)b, diverges and Sa, diverges by the Direct Com- 
parison Test. a 


EXAMPLE 2 Which of the following series converge, and which diverge? 


[o.@) 


a, 5 a 1. o & n+ 1 — ntl 
+i +74 =) = > 
(@) 4 (n + 1p w+ 2n+1 


o° 6 os 


n=1 n=1 
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bad. Wd oa, 
Wg ga gag 271 
L+2In2,1+3in3,1+4In4 Si tnlnn 
Og eg op OS De 


Solution We apply the Limit Comparison Test to each series. 


(a) Let a, = (2n + 1)/( + 2n + 1). For large n, we expect a, to behave like 
2n/n* = 2/n since the leading terms dominate for large n, so we let b,, = 1/n. Since 


Ma 
if 

Ms: 
Sle 


diverges 
n=1 n=1 
and 
& ay : Qn +n 
lim — = lim 5 = 2, 
nod), noone + 2n + 1 


a, diverges by Part 1 of the Limit Comparison Test. We could just as well have 
taken b, = 2/n, but 1 /n is simpler. 


(b) Let a, = 1/(2” — 1). For large n, we expect a, to behave like 1/2", so we let 


b, = 1/2". Since 

Dh = »> ss converges 
and 

lim = = lim z 


noo b, n—oo 2” — 1 


= lim — 
noo] — (1/2") 
=1, 


>a, converges by Part | of the Limit Comparison Test. 


(c) Leta, = (1 + nInn)/(’ + 5). For large n, we expect a, to behave like (n In n)/n? = 
(Inn) /n, which is greater than 1 /n for n = 3, so we let b, = 1/n. Since 


[o¢) Cc 1 
SD, = > 7 diverges 
n=2 n=2 
and 
Ay n+ riInn 
lim =~ = lim —; 
n—0o b, now mwt+5 
= oO, 
>a, diverges by Part 3 of the Limit Comparison Test. a 


EXAMPLE 3 Does >) me converge? 
2 


n=1 


Solution Because In n grows more slowly than n° for any positive constant c (Section 10.1, 
Exercise 105), we can compare the series to a convergent p-series. To get the p-series, we 
see that 

Inn  nh/4# I 

wi Br xhl* 
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for n sufficiently large. Then taking a, = (In n)/n’/? and b, = 1/n°/4, we have 


s ay : Inn 
lim — = lim —— 


noo ni/4 


1/n 


= lm ———., l’H6pital’s Rule 
noo (1 /4)n-3/4 


= lim —— = = 0. 


n—0o ni/4 


Since Sb, = S(1/n*/*) is a p-series with p > 1, it converges, so Sa, converges by Part 2 


of the Limit Comparison Test. 


Exercises 10.4 | 


Comparison Test 
In Exercises 1-8, use the Comparison Test to determine if each series 
— or — 


Sa n-1 — 1 
to 5p 2» Diet? Sey ager 


n=1l n=2 
n+2 — cos? ari 
4. 5. 6. 
> rn = nl? Pr 
> n+4 Ss Vn +1 
nt +4 : n=1 wr + 3 


Limit Comparison Test 
In Exercises 9-16, use the Limit Comparison Test to determine if each 
series converges or ai 


9, 
DS eee w—- w+ 3 
(Hint: Limit Comparison with (1/n’)) 
nt 1 
10. 
> w+2 
(ial Limit Comparison with pel ( 1/Vn ) ) 
as n(n a 1) Qn 


11. ae 
n=2 (i? + I(n — 1) > 3 
— 5" — (2n + 3\" 
13. 14. ( ) 
> n4" > sn + 4 


15. inn 
(Hint: Limit Comparison with 5>~, (1/n)) 
= 1 
: +5 
16 >» in( 1 5) 
(Hint: Limit Comparison with eee /’)) 


Determining Convergence or Divergence 
Which of the series in Exercises 17-54 converge, and which diverge? 
Use any method, and give reasons for your answers. 


CO . 9. 
17. 18. vy yu 
eee WE. + Wn Deere n »» 2 
= 1+ cosn = 2n antl 
20. = oa 21. 22. 
py wr >> 3n— 1 >> wrVn 


23. 


25. 


28. 


31. 


34. 


37. 


40. 


43. 


44, 


47. 


50. 


53. 


= 
cea eo 24. S205 = 
> (5 i) ae HS a7. aun 
> si eae - a > ee 
> Finn 32. eam 33. DS year 
Se eS ow Sst 
2 a 


> i 
n=2 n! 
(Hint: First show that (1/n!) = (1/n(n — 1)) for n = 2.) 


oS (n — 1)! | Sa l 
>» (n+ 2)! +2) 45. > sin 7 46. >» tan 
S tan! n 48 > sec! n 49 > coth n 
n= ni! : n=1 n'3 , n=1 wr 
— tanhn ll Ny 
51. = 52. —_ 
> rv = nWn > r 
ZR GES Pee ce a ee ear 


Theory and Examples 


55. 
56. 


57. 


58. 


Prove (a) Part 2 and (b) Part 3 of the Limit Comparison Test. 

If SP a, is a convergent series of nonnegative numbers, can 
co 

anything be said about >,,-\(a,/n)? Explain. 

Suppose that a, > 0 and b, > 0 for n = N (N an integer). If 

lim, 00 (4,/b,) = CO and Sa, converges, can anything be said 

about \b,? Give reasons for your answer. 


Prove that if Sa, is a convergent series of nonnegative terms, 
then Sa,” converges. 


604 


59. 
60. 
61. 


62. 


63. 


64. 
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Suppose that a, > O and lim a, = ©. Prove that Sa, diverges. 
n—-oo 


Suppose that a, > 0 and lim ra, = 0. Prove that Sa, con- 
verges. 7 


Show that 5, ((In n)4/n?) converges for co < gq < 00 and 
p>. 

(Hint: Limit Comparison with >>_> 1/n’ forl <r < p.) 
(Continuation of Exercise 61.) Show that D5 (Un n)?/n?) 
diverges for -—CO < g < Wand0<p< 1. 

(Hint: Limit Comparison with an appropriate p-series.) 

Decimal numbers Any real number in the interval [ 0, 1 ] can be 
represented by a decimal (not necessarily unique) as 


db dk 
0.d\dod3d4... = 10 T 102 T 103 T 104 Tae rth 


where d; is one of the integers 0, 1, 2, 3,..., 9. Prove that the series 


on the right-hand side always converges. 


If Sa, is a convergent series of positive terms, prove that 
> sin (a,,) converges. 


In Exercises 65—70, use the results of Exercises 61 and 62 to deter- 
mine if each series converges or diverges. 


65. 


67... >, 


69. 


1 3 
> (In al 66. > ia n 
S (in ae (In n)'/ 
71.001 68. Soe 0:99 
> 11 ! 3 70. Sg 
n=2 (Inn) 2Vn-iInn 


COMPUTER EXPLORATIONS 


71. 


It is not yet known whether the series 


mw sin? n 


72. 


converges or diverges. Use a CAS to explore the behavior of the 
series by performing the following steps. 


a. Define the sequence of partial sums 
ae 


— m sin? n 


Sy = 


What happens when you try to find the limit of s, as k—> ©0? 
Does your CAS find a closed form answer for this limit? 


b. Plot the first 100 points (k, s,) for the sequence of partial 
sums. Do they appear to converge? What would you estimate 
the limit to be? 


c. Next plot the first 200 points (k, s,). Discuss the behavior in 
your own words. 


d. Plot the first 400 points (k, s,). What happens when k = 355? 
Calculate the number 355/113. Explain from you calculation 
what happened at k = 355. For what values of k would you 
guess this behavior might occur again? 


a. Use Theorem 8 to show that 


~ 1 a(1 1 
a >> n(n + 1) s(4 n(n + 5) 
where $ = Ye), the sum of a convergent p-series. 


b. From Example 5, Section 10.2, show that 


ae eran, 


n=1 


c. Explain why taking the first M terms in the series in part (b) 
gives a better approximation to S$ ar taking the first M 
terms in the original series ae | {/ wr). 

d. We know the exact value of S is 77/6. Which of the sums 


1000000 1000 iT 


2a sd leg) eee 


gives a better approximation to S$? 


1 (). 5 Absolute Convergence; The Ratio and Root Tests 


When some of the terms of a series are positive and others are negative, the series may or 
may not converge. For example, the geometric series 


converges (since |r| = 


5- 


5 5 5 _ .f-1\" 
4 16 64 >3(=) (1) 


! < 1), whereas the different geometric series 


“Hye 


diverges (since |r| = 5/4 > 1). In series (1), there is some cancelation in the partial 
sums, which may be assisting the convergence property of the series. However, if we make 
all of the terms positive in series (1) to form the new series 


5 _ 
16 * 647 >I5 


(a) 


co ty" 
Bali) 
24 
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we see that it still converges. For a general series with both positive and negative terms, we 
can apply the tests for convergence studied before to the series of absolute values of its 
terms. In doing so, we are led naturally to the following concept. 


DEFINITION A series Sa, converges absolutely (is absolutely convergent) if 
the corresponding series of absolute values, » |a, 


So the geometric series (1) is absolutely convergent. We observed, too, that it is also con- 
vergent. This situation is always true: An absolutely convergent series is convergent as 
well, which we now prove. 


THEOREM 12—The Absolute Convergence Test If > |a,| converges, then Ya 
converges. 


Proof For each n, 


so Osa, + |an,| < 2\a,|. 


— = = 
|a,| = dh n\> 


If 2° ,|a,| converges, then }°° , 2|a,| converges and, by the Direct Comparison Test, the 
nonnegative series X°° | (a, + |a,|) converges. The equality a, = (a, + |a,|) — |a,| now 
lets us express }°_, a, as the difference of two convergent series: 


foe) [o-e) [oe] 
= 2 Gyo |a,| — = > ( Got |a,,| ) ~ Qian 


tA 


n=1 
Therefore, >- _ & converges. a 
EXAMPLE 1 This example gives two series that converge absolutely. 
~ I a oe 
n+] = a lass 
(a) For aC 1) 2 1 q + 9 16 + , the corresponding series of absolute 
values is the convergent series 
— 1 1,1,1 
py got aero 


The original series converges because it converges absolutely. 


0.0) . . . . 
> ae = a + ve a F S + -++-+, which contains both positive and 
a= nN 


negative terms, the corresponding series of absolute values is 


(b) For 


s ani |sin1| = |sin2| 

n=1 nw 1 4 ; 
which converges by comparison with ae (1/n*) because |sinn| < 1 for every n. 
The original series converges absolutely; theiefore it converges. a 


Caution Be careful when using Theorem 12. A convergent series need not converge 
absolutely, as you will see in the next section. 
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The Ratio Test 


The Ratio Test measures the rate of growth (or decline) of a series by examining the ratio 
Qn+1/Qn- For a geometric series Sar", this rate is a constant ((ar”*!)/(ar”) = r), and the 
series converges if and only if its ratio is less than | in absolute value. The Ratio Test is a 
powerful rule extending that result. 


THEOREM 13—The Ratio Test Let 5‘ a, be any series and suppose that 


Then (a) the series converges absolutely if p < 1, (b) the series diverges if 
p > 1 or pis infinite, (c) the test is inconclusive if p = 1. 


Proof 


(a) p < 1. Let be a number between p and |. Then the number e = r — p is positive. 
Since 


> ?p, 


are ri a,| must lie within € of p when n is large enough, say, for all n = N. In particular, 


Ol cp tear, when n = N. 
n 
That is, 
gg | << rlay > 
ay4o| < rlaysi| < Play, 
ayes] < rlayacl < Plant. 
Ay-+m| = rlay+m-1| < ray]. 
Therefore. 


oo ee) oo ive) 
> l@nl = DY laveml = DY lanl 7 = lanl Sor”. 
m=N m=0 m=0 m=0 


The geometric series on the right-hand side converges because 0 < r < 1, so the series of 
co . . 
absolute values ae N | ayn| converges by the Comparison Test. Because adding or delet- 
ing finitely many terms in a series does not affect its convergence or divergence property, 
. co . . . 
the series pen |an| also converges. That is, the series Sa, is absolutely convergent. 


(b) 1 < p S ©. From some index M on, 


Gn+1 
a 


1 and |ay| < |ay+1| <= lava << es 


n 


The terms of the series do not approach zero as n becomes infinite, and the series diverges 
by the nth-Term Test. 


(c) p = 1. The two series 


SR 


(oe) 
= 
n=1 


SL 
and »> 2 
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show that some other test for convergence must be used when p = 1. 


< di . An+1 I/(a F 1) n 
For Dn’ an im eed > 1. 

< 1 : An+1 I/(m + 1)? n ‘ 2 _ 
For Dee ae | ge ee >P=1. 


In both cases, p = 1, yet the first series diverges, whereas the second converges. MH 


The Ratio Test is often effective when the terms of a series contain factorials of 
expressions involving 7 or expressions raised to a power involving n. 


EXAMPLE 2 Investigate the convergence of the following series. 


wi 2" + 5 — (2n)! — 4"n\n! 
@ 2a 6) Din! CD» ny! 


Solution We apply the Ratio Test to each series. 
(a) For the series pe + 5)/3”", 


Qn+1 
a 


n 


_ Qh + 5/3") atte 5 1. 24+5°:2" ae 2 
(27+ 5)/3" 3 +5 3 \LF5-24*) 3 1 


The series converges absolutely (and thus converges) because p = 2/3 is less than 1. This 
does not mean that 2/3 is the sum of the series. In fact, 


S28 +5 S/2\" 5 1 5 D1 


n=0 


_ (2n)! (2n + 2)! 
(b) Ifa, = ala then a,+1 = (n+ 1)!(n + 1)! and 


n+ 
an 


nin\(2n + 2)(2n + 1)(2n)! 
~ (n+ Din + 1!1(2n)! 


(Qn + 2)2n+1) 4n4+2 


= >4, 
(n + 1)\(n + 1) n+ 1 
The series diverges because p = 4 is greater than 1. 
(c) Ifa, = 4’n!n!/(2n)!, then 
An+1 4°*l(n + 1) + 1)! _ Qn)! 
4 | (2n + 2)(2n + 1)(2n)! 4"n!n! 
4n+ 1)n+1) 2m 1) , 
can 


~ (Qn +2)2Qn+1)” 2nt+1 


Because the limit is p = 1, we cannot decide from the Ratio Test whether the series 
converges. When we notice that a,+4,/a, = (2n + 2)/(2n + 1), we conclude that 
d,+ is always greater than a, because (2n + 2)/(2n + 1) is always greater than 1. 
Therefore, all terms are greater than or equal to a; = 2, and the nth term does not 
approach zero as n— ©. The series diverges. | 


The Root Test 


The convergence tests we have so far for }a,work best when the formula for a,, is rela- 
tively simple. However, consider the series with the terms 
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_ ee n odd 
. 1/2", n even. 


To investigate convergence we write out several terms of the series: 


= 1 1 3,1 ,5,1.,7 
é,= 54+ 5454+ 44+ 545454" 
pa 2°22 @ gt go eg? 


I wk 1 5 1 7 
SOA ee ea” eee. 
Clearly, this is not a geometric series. The nth term approaches zero as n > ©, so the nth- 
Term Test does not tell us if the series diverges. The Integral Test does not look promising. 


The Ratio Test produces 


n odd 


7 even 


As n— ©9, the ratio is alternately small and large and has no limit. However, we will see 
that the following test establishes that the series converges. 


THEOREM 14—The Root Test Let S\a, be any series and suppose that 

lm = V |an| = p. 
Then (a) the series converges absolutely if p < 1, (b) the series diverges if 
p > 1 or p is infinite, (c) the test is inconclusive if p = 1. 


Proof 


(a) p <1. Choose an € > 0 so small that p + € < 1. Since V lan | — p, the terms 
V |an| eventually get to within € of p. So there exists an index M such that 


Vv la,| <<pte whenn = M. 
Then it is also true that 


|a,| = (p + e€)” forn = M. 


Now, ee (p + €)", a geometric series with ratio (9 + €) < 1, converges. By the 
. Co . . 
Comparison Test, >= |an| converges, from which it follows that 


co oo 
San = |a,| Spe tise st Se lay-1| + > lanl 
n=1 n=M 


converges. Therefore, Sa, converges absolutely. 


(b) 1 < p S ©, For all indices beyond some integer M, we have V lan| > 1, so that 
|a,| > 1 for n > M. The terms of the series do not converge to zero. The series 
diverges by the nth-Term Test. 


(c) p = 1. The series ae (1/n) and pee (1/n’) show that the test is not conclusive 
when p = 1. The first series diverges and the second converges, but in both cases 


Va,| > 1. = 
n/2", nodd 


EXAMPLE 3 Consider again the series with terms a, = { 
1/2", neven. 


Does a, converge? 
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Solution We apply the Root Test, finding that 


Therefore, 


o— Vn) 2, dd 
lal = { n/ no 


1/2, neven. 


Since Vn > 1 (Section 10.1, Theorem 5), we have lim,,—s00V lan] = 1/2 by the Sandwich 
Theorem. The limit is less than 1, so the series converges absolutely by the Root Test. Ml 


EXAMPLE 4 
OO) 0) 
ae 
(a) py 2” 


Which of the following series converge, and which diverge? 


(b) py 


n= 


o Sra) 


n= 


Solution We apply the Root Test to each series, noting that each series has positive terms. 


a= 


a= 


2 We _ (Vn? op 


s 
(a) > Fr converges because te = Won pile a a 


(b) 32 2 diverges because , (7 = (way > * > 1 


foe) n n 
1 n 1 1 
-_ 24. 
(c) bs (; + -) converges because (; + -) ian 0<1 Oo 
Using the Ratio Test 00 oo 1 
In Exercises 1—8, use the Ratio Test to determine if each series con- 3. G4 d/o 2 14. > sin” | —= 
: n= G+ ae i=l Van 


verges absolutely or diverges. 


— 2” = nad+2 

ee — 1)! 00 n+1 
pi i 

ait ly mn3"! 

nt & 3nt2 
ms Zea . n=2 Inn 

= w(n 4 2)! ca n5" 
: > ct | 32” : > Qn + 3)In(n + 1) 


Using the Root Test 
In Exercises 9-16, use the Root Test to determine if each series con- 
verges absolutely or diverges. 


love) lee) n 


7 
-2 (2n + 5)" 


n=1 


dn + 3 7 Ge ere ee aie 
11. 3(2 = 2) 12. Dy i + t)) 


15. y c(i - Ly" 
n=1 
(Hint: lim (1 + x/n)" = e*) 


ioe) (—1)" 
16. - l+n 


n=2 1 


Determining Convergence or Divergence 
In Exercises 17-44, use any method to determine if the series con- 
verges or diverges. Give reasons for your answer. 


18. = (-1)" re 


1 i 


19. Zale 20. pe 


n=1 


31. Sie i 22. >) (" — 
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23. 
25. 
27. 
29. 
31. 
33. 
35. 
37. 
39. 
41. 


43. 


Recursively Defined Terms Which of the series Sa, defined 
by the formulas in Exercises 45-54 converge, and which diverge? 
Give reasons for your answers. 


45. 
46. 
47. 
48. 
49. 
50. 


51. 


foe) 


> 


n= 


foe) 


> 


a 
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2+ (-1)" 
25" 


c(i - 3) 


(n + 1)(n + 2) 
n! 
(n + 3)! 
3!n!3” 


+ tan! n 
————a 


1 4 
= 2, Qn+1 = 
1 2 
7 1, Qn+1 = 
1 _3n-1 
3° ntl on 5m 
n 
= 3, An+1 n+1 
2 
+ 2, Qn+1 = n& 
n 
=: ant. = “27 
= _1l+tIna 
= ee ee 


24. 


26. 


28. 


30. 


32. 


34. 


36. 


38. 


40. 


42. 


44. 


n 


n 


n 


3"n! 


n 
n=2 dn nr? 
oo (-3)" 


— (2n + 3)(2" + 3) 


5 ee 


n=1 


i _nt+tlnn 
52. ay 2? Gn+1 n+ 10 ay, 
1 n 
53. a, = 37 Inti = Vn 
1 
54. a, = » Gnt+1 = (a,)"*! 


Convergence or Divergence 
Which of the series in Exercises 55-62 converge, and which diverge? 
Give reasons for your answers. 


55. 


57. 


59. 


61. 


62. 


— 2"n!n! S (-1)" (n)! 

2 (2n)! on: >» ni(n + 1)\(n + 2)! 
58. -1)"—,; 

Soy 8 Oe) 

[o.e} n co n 

Pere 60. 
2308 Zap 
ay L838 ee Qn — 1) 


> 4"2"n! 


oo 1-3+-++++(2n — 1) 
2 [2°4> sass + (2n) |(3" 4 1) 


n= 


Theory and Examples 
63. Neither the Ratio Test nor the Root Test helps with p-series. Try 


64. 


65. 


66. 


them on 


and show that both tests fail to provide information about 
convergence. 

Show that neither the Ratio Test nor the Root Test provides infor- 
mation about the convergence of 


(p constant). 


if n is a prime number 


1/2", otherwise. 


Does Sa, converge? Give reasons for your answer. 


Show that 5; 2/n! diverges. Recall from the Laws of Expo- 
nents that 2°) = (2")", 


1 (). 6 Alternating Series and Conditional Convergence 


A series in which the terms are alternately positive and negative is an alternating series. 


Here are three examples: 


‘ee ee ee | oe) dy 
ag ) 
—1)"4 
-2+1-545-Gt: +2 ee (2) 


Lo 3-445 = 6556+ Elf ne (3) 
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We see from these examples that the nth term of an alternating series is of the form 


GZ=Clys, oro a=—Clya, 
where u, = |a,| is a positive number. 
Series (1), called the alternating harmonic series, converges, as we will see in a 
moment. Series (2), a geometric series with ratio r = —1/2, convergesto —2/[1 + (1/2)] = 


—4/3. Series (3) diverges because the nth term does not approach zero. 

We prove the convergence of the alternating harmonic series by applying the Alternat- 
ing Series Test. This test is for convergence of an alternating series and cannot be used to 
conclude that such a series diverges. The test is also valid for the alternating series 
—u, + uy— uz + ---, like the one in Series (2) given above. 


THEOREM 15—The Alternating Series Test The series 


co 
DC, = ym Fig Mm +o 
n=1 


converges if all three of the following conditions are satisfied: 


1. The u,,’s are all positive. 


2. The positive u,’s are (eventually) nonincreasing: u, = u,+, for all n = N, 
for some integer N. 


3. u, > 0. 


Proof Assume N = 1. If n is an even integer, say n = 2m, then the sum of the first n 
terms is 


Som = (Uy — Ua) + (Uz — U4) +++ + Com—1 — Yom) 
= Uy (up U3) (ug Us) — (Ur —2 ~~ Urm—1) ~ Un: 
The first equality shows that s>,, is the sum of m nonnegative terms, since each term in 
parentheses is positive or zero. Hence 53,4. = 52), and the sequence {5,,} is non- 


decreasing. The second equality shows that sy,, = u,. Since {5,,} is nondecreasing and 
bounded from above, it has a limit, say 


lim So = L. (4) 


m—Co 


If n is an odd integer, say n = 2m + 1, then the sum of the first m terms is 
Samt+1 ~ S2m + Udmt+1- Since Uy, — 0, 


lim Wm+1 — 0 
mo 
and, as m— ©, 
S2m+1 — S2m + Urm+1 >L+O=L. (5) 


Combining the results of Equations (4) and (5) gives lim, s, = L (Section 10.1, 
Exercise 133). a 


EXAMPLE 1 The alternating harmonic series 


x prt 1 Lge er 
n=1 


clearly satisfies the three requirements of Theorem 15 with N = 1; it therefore con- 
verges. Oo 


Rather than directly verifying the definition u, = u,.,, a second way to show that the 
sequence {u,} is nonincreasing is to define a differentiable function f(x) satisfying 
f(n) = u,. That is, the values of f match the values of the sequence at every positive 
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FIGURE 10.13 The partial sums of 
an alternating series that satisfies the 
hypotheses of Theorem 15 for N = 1 
straddle the limit from the beginning. 


S| 


integer n. If f(x) = 0 for all x greater than or equal to some positive integer N, then f(x) 
is nonincreasing for x = N. It follows that f(n) = f(n + 1), or u, = u,+), forn = N. 


EXAMPLE 2 Consider the sequence where u, = 10n/(n* + 16). Define f(x) = 
10x/(x? + 16). Then from the Derivative Quotient Rule, 
f'@= a=») =0 whenever x = 4. 
(x? + 16)? 
It follows that u, = u,, for n = 4. That is, the sequence {u,,} is nonincreasing for 
n=4, a 


A graphical interpretation of the partial sums (Figure 10.13) shows how an alternating 
series converges to its limit L when the three conditions of Theorem 15 are satisfied with 
N = 1. Starting from the origin of the x-axis, we lay off the positive distance s; = u,. To 
find the point corresponding to s,; = u,; — u, we back up a distance equal to uy. Since 
Uy = uy, we do not back up any farther than the origin. We continue in this seesaw fash- 
ion, backing up or going forward as the signs in the series demand. But for n = N, each 
forward or backward step is shorter than (or at most the same size as) the preceding step 
because u,,,, = u,. And since the nth term approaches zero as n increases, the size of step 
we take forward or backward gets smaller and smaller. We oscillate across the limit L, and 
the amplitude of oscillation approaches zero. The limit L lies between any two successive 
sums s, and s,,, and hence differs from s, by an amount less than u, 1. 

Because 


LL; | < Un +] forn = N, 


we can make useful estimates of the sums of convergent alternating series. 


THEOREM 16-——The Alternating Series Estimation Theorem If the alternat- 
ing series so 1)"*!y, satisfies the three conditions of Theorem 15, then for 
n2QN, 


Sp = Uy — Wy toes + (0-171, 


approximates the sum L of the series with an error whose absolute value is less 
than u,+,, the absolute value of the first unused term. Furthermore, the sum L 
lies between any two successive partial sums s, and s,;, and the remainder, 
L — 5,, has the same sign as the first unused term. 


We leave the verification of the sign of the remainder for Exercise 61. 


EXAMPLE 3 We try Theorem 16 on a series whose sum we know: 


= al bod. hy 7 1 1 a | 
VV" =1- a+ 4-7 gt 167 32+ Ge DB t 256 


n=0 


The theorem says that if we truncate the series after the eighth term, we throw away a total 
that is positive and less than | /256. The sum of the first eight terms is sy = 0.6640625 and 
the sum of the first nine terms is sy = 0.66796875. The sum of the geometric series is 


1 = ee 
1—(-1/2) 3/2. 3° 


and we note that 0.6640625 < (2/3) < 0.66796875. The difference, (2/3) — 0.6640625 = 
0.0026041666 . . . , is positive and is less than (1/256) = 0.00390625. a 
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Conditional Convergence 


If we replace all the negative terms in the alternating series in Example 3, changing them 
to positive terms instead, we obtain the geometric series })1/2”. The original series and 
the new series of absolute values both converge (although to different sums). For an abso- 
lutely convergent series, changing infinitely many of the negative terms in the series to 
positive values does not change its property of still being a convergent series. Other con- 
vergent series may behave differently. The convergent alternating harmonic series has 
infinitely many negative terms, but if we change its negative terms to positive values, the 
resulting series is the divergent harmonic series. So the presence of infinitely many nega- 
tive terms is essential to the convergence of the alternating harmonic series. The following 
terminology distinguishes these two types of convergent series. 


DEFINITION A convergent series that is not absolutely convergent is conditionally 
convergent. 


The alternating harmonic series is conditionally convergent, or converges conditionally. 
The next example extends that result to the alternating p-series. 


EXAMPLE 4 If p is a positive constant, the sequence {1/n?} is a decreasing 
sequence with limit zero. Therefore the alternating p-series 


Sb t.i 4 
el a a 
converges. 
If p > 1, the series converges absolutely as an ordinary p-series. If 0 < p <= 1, the 


series converges conditionally by the alternating series test. For instance, 


1 1 1 
23/2 33/2 43/2 


1 1 1 . 
v2 V3 Va 


We need to be careful when using a conditionally convergent series. We have seen 
with the alternating harmonic series that altering the signs of infinitely many terms of a 
conditionally convergent series can change its convergence status. Even more, simply 
changing the order of occurrence of infinitely many of its terms can also have a significant 
effect, as we now discuss. 


Absolute convergence ( p =3/ 2): 1 


Conditional convergence ( p=1/ 2): 1 a 


Rearranging Series 


We can always rearrange the terms of a finite sum. The same result is true for an infinite 
series that is absolutely convergent (see Exercise 70 for an outline of the proof). 


THEOREM 17—The Rearrangement Theorem for Absolutely Convergent Series If 
yt converges absolutely, and b;, b:,... ,b,,...18 any arrangement of the 
sequence {a,}, then >b, converges absolutely and 


co ioe) 
> Dy = > ay. 
n=1 n=1 
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On the other hand, if we rearrange the terms of a conditionally convergent series, we 
can get different results. In fact, for any real number r, a given conditionally convergent 
series can be rearranged so its sum is equal to r. (We omit the proof of this fact.) Here’s an 
example of summing the terms of a conditionally convergent series with different order- 
ings, with each ordering giving a different value for the sum. 


EXAMPLE 5 We know that the alternating harmonic series S>~,(—1)"*!/n con- 
verges to some number L. Moreover, by Theorem 16, L lies between the successive partial 
sums 5, = 1/2 and s; = 5/6, so L ¥ O. If we multiply the series by 2 we obtain 


love) —] nt+1 
roy = (1 i +3 ee ee } 
n=1 


3 4 5 6 7 8 9 10° I1 


7 2 1.2 1.2 1.2 1.2 
a ie a ak mae ae cae a | 


Now we change the order of this last sum by grouping each pair of terms with the same odd 
denominator, but leaving the negative terms with the even denominators as they are placed (so 
the denominators are the positive integers in their natural order). This rearrangement gives 


bs. (2.1) 1, (24) te (2 1) 1 
a) 5+(3 r) i+(2 t) i+ (7 1) oo 


_ it tt, tot, Ot td he e 
(1 2° 3 4°56 7 8° 8 19° i ) 
Sey... 


= >->4 L, 


n=1 


So by rearranging the terms of the conditionally convergent series sy 2(-1)"*!/n, the 
series becomes ae (—1)"*!/n, which is the alternating harmonic series itself. If the two 
series are the same, it would imply that 2L = L, which is clearly false since L ¥ 0. a 


Example 5 shows that we cannot rearrange the terms of a conditionally convergent 
series and expect the new series to be the same as the original one. When we use a condi- 
tionally convergent series, the terms must be added together in the order they are given to 
obtain a correct result. To the contrary, Theorem 17 guarantees that the terms of an abso- 
lutely convergent series can be summed in any order without affecting the result. 


Summary of Tests 


We have developed a variety of tests to determine convergence or divergence for an infi- 
nite series of constants. There are other tests we have not presented which are sometimes 
given in more advanced courses. Here is a summary of the tests we have considered. 


. The nth-Term Test: If it is not true that a, — 0, then the series diverges. 
Geometric series: © ar” converges if |r| < 1; otherwise it diverges. 
. p-series: > 1/n? converges if p > 1; otherwise it diverges. 


wo nN 


. Series with nonnegative terms: Try the Integral Test or try comparing to a 
known series with the Comparison Test or the Limit Comparison Test. Try the 
Ratio or Root Test. 


5. Series with some negative terms: Does > |a,,| converge by the Ratio or 
Root Test, or by another of the tests listed above? Remember, absolute con- 
vergence implies convergence. 


6. Alternating series: >'a, converges if the series satisfies the conditions of the 
Alternating Series Test. 


Exercises 10.6 | 


Determining Convergence or Divergence 

In Exercises 1-14, determine if the alternating series converges or 
diverges. Some of the series do not satisfy the conditions of the Alter- 
nating Series Test. 


~ = nt1_t_ ~ = neil 
Lt. Sev a 2, >» Ila 


‘ ze ar Bc "ta ny? 

5. Sorg ar é. xe Wau mas - 

7 x yy x 8. Loy DI 

9. your (4) 10. Dear 

1. Sour i 12, Seon #. i) 

13. Sen Smt 14. S cyt Mat 
= n+ 1 = fa de 4 


Absolute and Conditional Convergence 
Which of the series in Exercises 15-48 converge absolutely, which 
converge, and which diverge? Give reasons for your answers. 


[o.e} wl ua 
a Sey oly 16. pe pyr OD" ) 
[oe} 1 le.¢) ely 
17. (—1)"—= 18. Se 
> Van Ai +Vn 
~ oe nt1__ ~ _4)jnt+l nt 
19. a er arr 20. a ee 
= sinn 
21. 2, 1)" 22. Xe 1)" — 
foe) _ ee. is oo en 
23. »y LN ie mercer 24. ps ea 
25. Sept 26. Se1""!(10) 
n= n n=1 
co [oe) 1 
4 yn,,2. n —4ynt+l 
27. »y 1)"1?(2/3) 28. ba ae 
= ntan in nnn | 
29. Doo": Dad 30. pe 1) San 
31. Sep — 32. S\(-5)" 
co (- 100)" oo (- 14 
p 4, oe 
= » n} 2 pie +2n+1 
Ss COS 17T <1 COS NTT 
35. a a 36. aes 
> nVn > 7 
foe) (-1)"(n + 1)" oo (-1)"*n!)? 
37. >> On" 38. >> (On)! 
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ie (2n)! ee (n!)°3" 
39. LOW" sata 40. > "on + DI 


41. S1"(Vn + 1 - Va) 
42. Seve +n-n) 


foe) 


4. S(-1" (Va + Va - Vn) 


[o.e} (= Dig [oe] 
44, = 45. (-1)" sechn 
» Vn + Vn + 1 > 


46. » (—1)" cschn 


n= 


I 1,1 1 1 L, 
eae ge ie i 

-1o 1.1 1,1 1 L, 
Ae ot og te 95 36. 48 


Error Estimation 

In Exercises 49-52, estimate the magnitude of the error involved in 
using the sum of the first four terms to approximate the sum of the 
entire series. 


~ 1 
4. SC, 


n=1 


nt+1_*_ 
50. xe 1y"* a 


(0.01)" As you will see in Section 10.7, 
n the sum is In (1.01). 


51. Ee 1yr*! 


n=1 


= SCv", 0<t<1 


In Exercises 53-56, determine how many terms should be used to 
estimate the sum of the entire series with an error of less than 0.001. 


53. SCD" 54. S(-ptt—4— 
aes a sar 


~ nt+1 1 7 1! 
55. 2 1) Esau 56. x "in dn(n + 2) 


Approximate the sums in Exercises 57 and 58 with an error of magni- 


tude less than 5 X 10°. 


As you will see in Section 10.9, the sum is 


57. Se 1)" on cos 1, the cosine of 1 radian. 
n 


As you will see in Section 10.9, 


58. Se ys 


the sum is e!. 
Theory and Examples 
59. a. The series 
1 1 if 1 1 if 1 1 if eee 4 1 1 4 eee 
3. 2°9 4°27 8° a 


does not meet one of the conditions of Theorem 14. Which one? 


b. Use Theorem 17 to find the sum of the series in part (a). 
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61. 


62. 


63. 
64. 


65. 
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The limit L of an alternating series that satisfies the conditions of 
Theorem 15 lies between the values of any two consecutive par- 
tial sums. This suggests using the average 


Sn a Sn+1 


2 


1 
= Sp ot 5 Lana 


to estimate L. Compute 


1.4 
s0 + 9°31 
as an approximation to the sum of the alternating harmonic series. 
The exact sum is In2 = 0.69314718.... 


The sign of the remainder of an alternating series that satis- 
fies the conditions of Theorem 15 Prove the assertion in Theo- 
rem 16 that whenever an alternating series satisfying the condi- 
tions of Theorem 15 is approximated with one of its partial sums, 
then the remainder (sum of the unused terms) has the same sign 
as the first unused term. (Hint: Group the remainder’s terms in 
consecutive pairs.) 


Show that the sum of the first 2n terms of the series 


Do these series converge? What is the sum of the first 2n + 1 
terms of the first series? If the series converge, what is their sum? 


Show that if 55°, a, diverges, then 5) | ay, 


diverges. 


Show that if >a a, converges absolutely, then 


Show that if Sa, and 5; b, both converge absolutely, then 
so do the following. 


a. (a, + 5,) bh: Via, = 8) 
n=1 n=1 


c. > ka,, (k any number) 


n=1 


l (). i Power Series 


66. 


67. 
68. 


69. 


70. 


Show by example that Dy anb, may diverge even if See An 
and > ,b, both converge. 


If Sa, converges absolutely, prove that > a,,7 converges. 


afl 1 
(2 4) 


converge or diverge? Justify your answer. 


Does the series 


In the alternating harmonic series, suppose the goal is to arrange 
the terms to get a new series that converges to — 1/2. Start the new 
arrangement with the first negative term, which is —1/2. When- 
ever you have a sum that is less than or equal to —1/2, start intro- 
ducing positive terms, taken in order, until the new total is greater 
than —1/2. Then add negative terms until the total is less than or 
equal to —1/2 again. Continue this process until your partial sums 
have been above the target at least three times and finish at or 
below it. If s, is the sum of the first n terms of your new series, 
plot the points (n, s,,) to illustrate how the sums are behaving. 


Outline of the proof of the Rearrangement Theorem (Theo- 
rem 17) 


a. Let € be a positive real number, let L = Sa, and let 
k : 
8; = DYn=14-. Show that for some index N; and for some 
index N, = M,, 


co 
€ € 
Ya) <5 and |= 2] =. 
= 2 7 2 
n=N, 
Since all the terms aj, a, ... , dy, appear somewhere in the 
sequence {b,,}, there is an index N; = N) such that if 
n = N;, then (Sri) — Sy, is at most a sum of terms a,, 
with m = N,. Therefore, if n = N3, 


Sh _ 1 = 7) _ SN, 
k=1 k=1 


+ |g, = E| 


CO 
= D> |a| + |sy,- Ll] <e. 
iN, 


b. The argument in part (a) shows that if ean a, converges 
absolutely then ©, —_,b, converges and ©,b, = So -1a,. 


Now show that because en |a,| converges, ae |b, | 
co 
converges to >), |a,|. 


Now that we can test many infinite series of numbers for convergence, we can study sums 
that look like “infinite polynomials.” We call these sums power series because they are 
defined as infinite series of powers of some variable, in our case x. Like polynomials, 
power series can be added, subtracted, multiplied, differentiated, and integrated to give 
new power series. With power series we can extend the methods of calculus we have 
developed to a vast array of functions, making the techniques of calculus applicable in a 


much wider setting. 
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Power Series and Convergence 


We begin with the formal definition, which specifies the notation and terminology used for 
power series. 


DEFINITIONS A power series about x = 0 is a series of the form 


[oe) 
SG = qt oe Ores Et Heo. (1) 
n=0 

A power series about x = a is a series of the form 

oe} 

Scie — ay" =o + e(x — a) + (x — av + +++ + e6,(x — a’ +--- (2) 

n=0 

in which the center a and the coefficients co, c), Co, ..., C,,-. . are constants. 


Equation (1) is the special case obtained by taking a = 0 in Equation (2). We will see that 
a power series defines a function f(x) on a certain interval where it converges. Moreover, this 
function will be shown to be continuous and differentiable over the interior of that interval. 


EXAMPLE 1 Taking all the coefficients to be 1 in Equation (1) gives the geometric 
power series 


co 
= Ttxtxr tere txt tee: 
n=0 
This is the geometric series with first term 1 and ratio x. It converges to 1/(1 — x) for 
|x| < 1. We express this fact by writing 


pelted ete tatten, =] <x 1, (3) 

| 

- ee en er i Up to now, we have used Equation (3) as a formula for the sum of the series on the 
Me reget ren are right. We now change the focus: We think of the partial sums of the series on the right as 


1 [o.e} 
= x xd 
raat ye lel 


polynomials P,(x) that approximate the function on the left. For values of x near zero, we 
need take only a few terms of the series to get a good approximation. As we move toward 
x= 1, or —l, we must take more terms. Figure 10.14 shows the graphs of 


n 


=. 0 1 


FIGURE 10.14 The graphs of f(x) = 1/(1 — x) in Example | 
and four of its polynomial approximations. 
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FIGURE 10.15 The graphs of 
f(x) = 2/x and its first three polynomial 
approximations (Example 2). 


f(x) = 1/(. — x) and the approximating polynomials y, = P,(x) for n = 0, 1, 2, and 8. 
The function f(x) = 1/(1 — x) is not continuous on intervals containing x = 1, where it 
has a vertical asymptote. The approximations do not apply when x = 1. 


EXAMPLE 2 The power series 


1 1 2 Pee a : — 9) Sih 
1 7 & 2+ 4 2) + +(-1)'e 2)" + (4) 
matches Equation (2) with a = 2,cy = 1,cy = —1/2,¢) = 1/4,...,¢, = 1/2)". 
This is a geometric series with first term 1 and ratio r = "34 The series converges 
for ts < lor0 <x < 4. The sum is 
= | a2 
ae a a) x? 
1+ 5) 
so 
2 oo =D ae 
oo 5) + 1 oe ats 5) (= 2)F e445 O0<x<4. 


Series (4) generates useful polynomial approximations of f(x) = 2/x for values of x near 2: 


Po(x) = 1 
1 
PQ) = 1-5-2) =2 
1 1 2 3x, x? 
P(x) = 1 7 & 2) + 4g & 2) | 5) + q? 
and so on (Figure 10.15). | 


The following example illustrates how we test a power series for convergence by 
using the Ratio Test to see where it converges and diverges. 


EXAMPLE 3 For what values of x do the following power series converge? 


ee 


@ Yop wax zt 


x2” —1 3 5 


(b) a ope = es 


CO 


an x2 x3 
(c) 2 ee oe ape 


(d) Sinix" =1lt+x4 2x? 4+ 3b +--- 


Solution Apply the Ratio Test to the series > | u, 
series in question. 


, where u,, is the nth term of the power 


rt n 


n+1°* 


Un+1 
u 


(a) 


_ on 
n n+l lal: 
The series converges absolutely for |x| < 1. It diverges if |x| > 1 because the nth 


term does not converge to zero. At x = 1, we get the alternating harmonic series 
1-1/2 + 1/3 — 1/4 + ---, which converges. At x = —1, we get —1 — 1/2— 


(b) 


(c) 


(d) 
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1/3 — 1/4 — +++, the negative of the harmonic series; it diverges. Series (a) con- 
verges for —1 < x = | and diverges elsewhere. 


=i 0 1 
Un+1 x2ntl _2n = 2n — lo > x2 swe Si = see 1 
Un 2n + 1 xen! 2n+ 1 : wm — 


The series converges absolutely for x7 < 1. It diverges for x* > 1 because the nth 
term does not converge to zero. At x = 1 the series becomes 1 — 1/3 + 


1/5 — 1/7 +--+ , which converges by the Alternating Series Theorem. It also con- 
verges at x = —1 because it is again an alternating series that satisfies the conditions 
for convergence. The value at x = —1 is the negative of the value at x = 1. Series (b) 


converges for —1 = x = | and diverges elsewhere. 


-1 0 1 


|| ae 
n! Pt Q*BPeean 
~~ nt] > 0 for every x. (n+ 1)$ 7 1°2°3++-n'( + 1) 


xrtl n! 
(n+ 1)! x” 


Un+ 
U, 


n 


The series converges absolutely for all x. 


a as 
0 


(n + Dlxr*! 


n!x” 


= (n+ 1)|x| 00 unless x = 0. 


The series diverges for all values of x except x = 0. 


4 >Xx 


0 rai 


The previous example illustrated how a power series might converge. The next result 


shows that if a power series converges at more than one value, then it converges over an 
entire interval of values. The interval might be finite or infinite and contain one, both, or 
none of its endpoints. We will see that each endpoint of a finite interval must be tested 
independently for convergence or divergence. 


THEOREM 18—The Convergence Theorem for Power Series If the power series 


co 
> ax =a) + ax + mx? + +++ converges at x = c # O, then it converges 
n=0 


absolutely for all x with |x| < |c]. If the series diverges at x = d, then it 
diverges for all x with |x| > |d]. 


Proof The proof uses the Comparison Test, with the given series compared to a con- 
verging geometric series. 


Suppose the series Deane” converges. Then lim,-..0 a,c” = 0 by the nth-Term 


Test. Hence, there is an integer N such that |a,c"| < 1 forall > N, so that 


1 


Jc|” 


|a,| < forn > N. (5) 
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series series series 


diverges converges diverges 

<> ——— aad 
O- — -0- — -o —_|_—_¢- — -0- > x 
-ld|-R -lel 0 [el R dl 


FIGURE 10.16 Convergence of a,x" 
at x = c implies absolute convergence on 


the interval —|c| <x < |c|; diver- 
gence at x = d implies divergence for 
|x| > |d|. The corollary to Theorem 18 
asserts the existence of a radius of con- 
vergence R = 0. For |x| < R the series 
converges absolutely and for |x| > R it 


diverges. 
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Now take any x such that |x| < |c|, so that |x|/|c| < 1. Multiplying both sides of 


Equation (5) by |x|" gives 
| x | n 
| C P 
Since |x/c| < 1, it follows that the geometric series S,—9 |x/c|” converges. By the 
Comparison Test (Theorem 10), the series >, |a,||x"| converges, so the original 
. co . 

power series >), a,x” converges absolutely for —|c| < x < |c| as claimed by the the- 
orem. (See Figure 10.16.) 

Now suppose that the series \,,-o a,x” diverges at x = d. If x is a number with 
|x| > |d| and the series converges at x, then the first half of the theorem shows that the 


series also converges at d, contrary to our assumption. So the series diverges for all x with 
|x| > |d|. - 


lee, | aj? <= forn > N. 


To simplify the notation, Theorem 18 deals with the convergence of series of the form 
a,x". For series of the form a,(x — a)" we can replace x — a by x’ and apply the 
results to the series Sa,,(x')”. 


The Radius of Convergence of a Power Series 


The theorem we have just proved and the examples we have studied lead to the conclusion 
that a power series S'c,(x — a)" behaves in one of three possible ways. It might converge 
only at x = a, or converge everywhere, or converge on some interval of radius R centered 
at x = a. We prove this as a Corollary to Theorem 18. 


COROLLARY TO THEOREM 18 The convergence of the series Sc,(x — a)" is 
described by one of the following three cases: 


1. There is a positive number R such that the series diverges for x with 
|x — a| > R but converges absolutely for x with |x — a| < R. The series 
may or may not converge at either of the endpoints x = a— R and 
x=atR. 


2. The series converges absolutely for every x (R = ©). 


3. The series converges at x = a and diverges elsewhere (R = 0). 


Proof We first consider the case where a = 0, so that we have a power series 
> 4 c,x" centered at 0. If the series converges everywhere we are in Case 2. If it con- 
verges only at x = O then we are in Case 3. Otherwise there is a nonzero number d such 
that ae c,d" diverges. Let S be the set of values of x for which Sar C,x" converges. 
The set S does not include any x with |x| > |d|, since Theorem 18 implies the series 
diverges at all such values. So the set S is bounded. By the Completeness Property of the 
Real Numbers (Appendix 6) S has a least upper bound R. (This is the smallest number 
with the property that all elements of S are less than or equal to R.) Since we are not in 
Case 3, the series converges at some number b # 0 and, by Theorem 18, also on the open 
interval (—|b|, |b|). Therefore R > 0. 

If |x| < R then there is a number c in S with |x| < c < R, since otherwise R would 
not be the least upper bound for S. The series converges at c since c € S, so by Theorem 18 
the series converges absolutely at x. 

Now suppose |x| > R. If the series converges at x, then Theorem 18 implies it con- 
verges absolutely on the open interval (— |x|, |x|), so that S contains this interval. Since R 


> 
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is an upper bound for S, it follows that |x| < R, which is a contradiction. So if |x| > R 
then the series diverges. This proves the theorem for power series centered at a = 0. 

For a power series centered at an arbitrary point x = a, set x’ = x — a and repeat the 
argument above, replacing x with x’. Since x’ = 0 when x = a, convergence of the series 
ae | c,(x')"| on a radius R open interval centered at x’ = 0 corresponds to convergence 
of the series Si |c,(x — a)"| ona radius R open interval centered at x = a. a 


R is called the radius of convergence of the power series, and the interval of radius R 
centered at x = a is called the interval of convergence. The interval of convergence may 
be open, closed, or half-open, depending on the particular series. At points x with 
|x — a| < R, the series converges absolutely. If the series converges for all values of «x, 
we Say its radius of convergence is infinite. If it converges only at x = a, we say its radius 
of convergence is zero. 


How to Test a Power Series for Convergence 


1. Use the Ratio Test (or Root Test) to find the interval where the series con- 
verges absolutely. Ordinarily, this is an open interval 


it-e|=R or w= Rez a+ 2, 


2. If the interval of absolute convergence is finite, test for convergence or diver- 
gence at each endpoint, as in Examples 3a and b. Use a Comparison Test, the 
Integral Test, or the Alternating Series Test. 


3. If the interval of absolute convergence isa — R< x < a+ R, the series 


diverges for |x — a| > R (it does not even converge conditionally) because 
the nth term does not approach zero for those values of x. 


Operations on Power Series 


On the intersection of their intervals of convergence, two power series can be added and 
subtracted term by term just like series of constants (Theorem 8). They can be multiplied 
just as we multiply polynomials, but we often limit the computation of the product to the 
first few terms, which are the most important. The following result gives a formula for the 
coefficients in the product, but we omit the proof. (Power series can also be divided in a 
way similar to division of polynomials, but we do not give a formula for the general coef- 
ficient here.) 


THEOREM 19—The Series Multiplication Theorem for Power Series If 


A(x) = Dp-9 a,x" and B(x) = DS, 9 b,x" converge absolutely for |x| < R, and 
n 
Ch = aby + Ady a Ayb, 2 ae 28S Ale AnD) at abo a Sank 
k=0 


then Soc,x" converges absolutely to A(x)B(x) for |x| < R: 


[o.e) [o-e) [oe] 
(Se) ; (S4.") Sad 
n=0 n=0 n=0 


Finding the general coefficient c, in the product of two power series can be very 
tedious and the term may be unwieldy. The following computation provides an illustration 
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of a product where we find the first few terms by multiplying the terms of the second 
series by each term of the first series: 


ia 7 iS P xrtl 
(S¥) ox ” n+ i) 


9 x2 x 
=(lt+xt+x4+-:-) eg eg ee Multiply second series . . . 
2 3 3 4 5 
x Oo oe ae So as 
(: 7+ 3 J+: 713 )e(: 773 )+ 
by 1 by x by x? 
2 3 4 
=xt+ 2 ae Bs Bases i and gather the first four powers. 


2 6 6 


We can also substitute a function f(x) for x in a convergent power series. 


THEOREM 20 If S,2oa,x" converges absolutely for |x| <R, then 
eee a,(f(x))" converges absolutely for any continuous function f on | f(x)| < R. 


Since 1/(1 — x) = pee x" converges absolutely for |x| < 1, it follows from Theorem 
20 that 1/(1 — 4x2) = S>° 9 (4x2)" converges absolutely for |4x2| < 1 or |x| < 1/2. 

A theorem from advanced calculus says that a power series can be differentiated term 
by term at each interior point of its interval of convergence. 


THEOREM 21—The Term-by-Term Differentiation Theorem If Sc,(x — a)” 
has radius of convergence R > 0, it defines a function 


[e.e) 
f@ = Salk — a)" on the interval a-R<x<atR. 
n=0 


This function f has derivatives of all orders inside the interval, and we obtain the 
derivatives by differentiating the original series term by term: 


f'@ = Sine,x — ay, 
n=1 


Ff") = Sinn — VYeg(x — a)", 
n=2 


and so on. Each of these derived series converges at every point of the interval 
GRO GR, 


EXAMPLE 4 Find series for f’(x) and f"(x) if 


fo) = t= ltrt ttt tte tan te 
= > -l<x<l. 


Solution We differentiate the power series on the right term by term: 
fiw =— = 1 sh Doe eB? se Ag ee ag) ob ae 
(1 — x) 


= Sue, -l<x<l; 


The Number 7 as a Series 
T — _ 
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fl) =—7 = 24+ or + Pr +: + n(n — xt? + --° 
(1 — x) 


= Sn - De", -1<x< 1. o 
n=2 


Caution Term-by-term differentiation might not work for other kinds of series. For 
example, the trigonometric series 


co sin (n!x) 


rw 


n=1 
converges for all x. But if we differentiate term by term we get the series 
<n! cos (n!x) 
rT 


n=1 nV 


which diverges for all x. This is not a power series since it is not a sum of positive integer 
powers of x. 


It is also true that a power series can be integrated term by term throughout its interval 
of convergence. This result is proved in a more advanced course. 


THEOREM 22—The Term-by-Term Integration Theorem Suppose that 


f@) = Die, - a)" 
n=0 
converges fora — R< x <a+R(R > 0). Then 


co (x = ay'*! 


den n+ 1 


converges fora — R<x< a+ Rand 


lo) _ n+1 
/ fdx = yo _ a +C 


1=0 


fora -—R<x<atR. 


EXAMPLE 5 Identify the function 


(ove) —])?x2nt1 3 5 
fx) x eS ee lage 1. 


Solution We differentiate the original series term by term and get 


fi@M=1l-xrtxt—xotee-, =| <x-< 1: Theorem 21 


This is a geometric series with first term 1 and ratio —x”, so 


1 = 1 
1 — x’) 1 + x? 


Qs 
We can now integrate f’(x) = 1/(1 + x7) to get 
[ro dx = eae =tan!x+C. 
The series for f(x) is zero when x = 0, so C = 0. Hence 


3 
= ae he Lpaael = 
f(xy) =x 3 + 5 7 + tan‘ x, Lee I. (6) 
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It can be shown that the series also converges to tan”! x at the endpoints x = + 1, but we 
omit the proof. a 


Notice that the original series in Example 5 converges at both endpoints of the origi- 
nal interval of convergence, but Theorem 22 can guarantee the convergence of the differ- 
entiated series only inside the interval. 


EXAMPLE 6 The series 


1 


= —-f+P—-APAt-:-- 
fan 1-—tt+t t 


converges on the open interval —1 < ¢ < 1. Therefore, 


| a ee 7 
In(l + x) = dt=t-7+57-7Ht+::: Theorem 22 
0 


1+t 2 3 4 0 
2 3 4 
x x x 
pie eae ae 
or 
ra _— Seis 
Iternating Harmonic Series Sum In(l +x) = PS = : l-< <1, 
- (Cyr! n=1 
In2= > n It can also be shown that the series converges at x = | to the number In 2, but that was not 
. guaranteed by the theorem. | 
Intervals of Convergence 0 V/ ny oo 
In Exercises 1-36, (a) find the series’ radius and interval of conver- 19. > 3" 20. > Vax =e 
gence. For what values of x does the series converge (b) absolutely, (c) ee i 
conditionally? 2. S2+ CD) + DY! 
t. >" 2, ye cae) © (132% — 29" 
a a 2... + 
love) fee) (3x = 2)" = 3n 
3. SC 14s + 17 4. >> 2 es - 
i — 23. >) (1 + i) x 24. >) (nn)x" 
© (y — 2yr oo n= n=1 
5. bY es 6. > (2x)" 06: oo 
ia ie 25. Se 26. Sinl(x — 4)" 
7 > nx" 8 (1) + 2)" n= n=0 
7 ain +2 * = n co (-1)"" + 2)" oo 
2. > 28, SEV + Ye iy 
fore) fee) = n = n2 = 
9 s x” 10 S (x 1) n= n=0 
Mi nVn3" n=1 Van 


love) 


a ~ x Get the information you need about 
—i n+nN 

1. sees LD. y = 29. >> n(in ny > 1/(ndn n)?) from Section 10.3, 
n=o0 Mt n=o Ms Exercise 55. 

B S 4ryr 14 S @= 1)" ss Get the information you need about 

N 
. car . a w3" 30. SS oe = 1/™inn) from Section 10.3, 

00 yn oo (— 1 yt! a2 Exercise 54. 

15. === 16. > 
2, r + 3 n=0 Van + 3 co (4x = 5ynrl co (3x + 1y"*! 


17. py ae = 18. + 2 sa * 2 mr? 
cs a"(2 + 1) 


n=0 


33. 


34. 


35. 


36. 


InE 


37. 


38. 


39. 


40. 


1 i 
7-4-6 On? 
© 3+5+7+++(2n + 1) 
x 


> Toa n+l 


w 1+24+34+-:: tn, 
eres ee tw 


> (Vn + 1 - Va)@ - 3)" 


n= 


xercises 37—40, find the series’ radius of convergence. 


foe) 


n! 7 
23-693? 


2°4°6-+-(2n) ) : 
x 


i Genre 1) 


co (n!)? 
2"(2n)! * 


~ n - N 
> (. + :) . 


n= 


n 


(Hint: Apply the Root Test.) 


In Exercises 41-48, use Theorem 20 to find the series’ interval of con- 
vergence and, within this interval, the sum of the series as a function 


of x. 


41. 


43. 


45. 


47. 


Pee 42. Si(er- 4" 
n=0 n=0 

foe) (x = 1)?" foe) (x + 1)" 
> 4” 44, > gn 
n=0 n=0 


n=0 


Using the Geometric Series 


49. 


50. 


51. 


52. 


In Example 2 we represented the function f(x) = 2/x as a power 
series about x = 2. Use a geometric series to represent f(x) as a 
power series about x = 1, and find its interval of convergence. 


Use a geometric series to represent each of the given functions as a 
power series about x = 0, and find their intervals of convergence. 


5 


_ 3 
— b. ga) ==, 


x =.2, 


a. f(x) = 
Represent the function g(x) in Exercise 50 as a power series about 
x = 5, and find the interval of convergence. 

a. Find the interval of convergence of the power series 


love) 8 , 
> qnt2* 


n=0 


b. Represent the power series in part (a) as a power series about 
x = 3 and identify the interval of convergence of the new 
series. (Later in the chapter you will understand why the new 
interval of convergence does not necessarily include all of the 
numbers in the original interval of convergence.) 
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Theory and Examples 


53. 


54. 


55. 


56. 


57. 


58. 


For what values of x does the series 


3r +--- -( a .) 


converge? What is its sum? What series do you get if you differ- 
entiate the given series term by term? For what values of x does 
the new series converge? What is its sum? 


1 ae 3) +50 


If you integrate the series in Exercise 53 term by term, what new 
series do you get? For what values of x does the new series con- 
verge, and what is another name for its sum? 


The series 


sinx = x + : Seach 


3! 5! 67!) Ot 
converges to sin x for all x. 


a. Find the first six terms of a series for cos x. For what values 
of x should the series converge? 


b. By replacing x by 2x in the series for sin x, find a series that 
converges to sin 2x for all x. 


c. Using the result in part (a) and series multiplication, calculate 
the first six terms of a series for 2 sin x cos x. Compare your 
answer with the answer in part (b). 


The series 


converges to e* for all x. 


a. Find a series for (d/dx)e*. Do you get the series for e*? 
Explain your answer. 


b. Find a series for i e* dx. Do you get the series for e*? Explain 
your answer. 


c. Replace x by —x in the series for e* to find a series that con- 
verges to e* for all x. Then multiply the series for e* and e~* 
to find the first six terms of a series for e*: e”. 


The series 


i x8 i 2x° 4 


tanx =x4 T 


3 15 


17x’ | 
315 


62x? | 
" 2835 | 


converges to tan x for —7/2 <x < 7/2. 


a. Find the first five terms of the series for In| sec x|. For what 
values of x should the series converge? 


b. Find the first five terms of the series for sec*x. For what val- 
ues of x should this series converge? 


c. Check your result in part (b) by squaring the series given for 
sec x in Exercise 58. 


The series 


ee x gy. TOM e 277 
secx = 14 t x + a59% 


8064 


converges to sec x for —77/2 <x < 7/2. 


a. Find the first five terms of a power series for the function 
In|sec x + tan x|. For what values of x should the series 
converge? 
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b. Find the first four terms of a series for sec x tan x. For what 
values of x should the series converge? 


c. Check your result in part (b) by multiplying the series for 
sec x by the series given for tan x in Exercise 57. 


59. Uniqueness of convergent power series 


a. Show that if two power series Spanx" and Soy b,x” are 
convergent and equal for all values of x in an open interval 
(—c, c), then a, = b, for every n. (Hint: Let 
f(x) = Se a,x" = > ob,.x". Differentiate term by term 
to show that a, and b, both equal f(0)/(n!).) 


1 0.8 Taylor and Maclaurin Series 


b. Show that if ae a,x" = 0 for all x in an open interval 
(—c, c), then a, = 0 for every n. 


60. The sum of the series }°_9(n?/2") To find the sum of this 
series, express 1/(1 — x) as a geometric series, differentiate both 
sides of the resulting equation with respect to x, multiply both 
sides of the result by x, differentiate again, multiply by x again, 
and set x equal to 1/2. What do you get? 


We have seen how geometric series can be used to generate a power series for a few func- 
tions having a special form, like f(x) = 1/(1 — x) or g(x) = 3/(« — 2). Now we expand 
our capability to represent a function with a power series. This section shows how func- 
tions that are infinitely differentiable generate power series called Taylor series. In many 
cases, these series provide useful polynomial approximations of the generating functions. 
Because they are used routinely by mathematicians and scientists, Taylor series are con- 
sidered one of the most important themes of infinite series. 


Series Representations 


We know from Theorem 21 that within its interval of convergence / the sum of a power 
series is a continuous function with derivatives of all orders. But what about the other way 
around? If a function f(x) has derivatives of all orders on an interval, can it be expressed as 
a power series on at least part of that interval? And if it can, what are its coefficients? 

We can answer the last question readily if we assume that f(x) is the sum of a power 


series about x = a, 


f@) = Sia, — a)" 
n=0 


=a ta(x-a+aw-ayrt-::: 


age = yh Fae 


with a positive radius of convergence. By repeated term-by-term differentiation within the 
interval of convergence J, we obtain 


f'(x) = a, + 2a,(x — a) + 3ax(x — a? +> 


+ na,x — ay! +++, 


f"(x) = 1+ 2a, + 2+3a3x(x — a) + 3° 4ay(x — ay toe, 
f(x) = 1°2°3a, + 2°3°4ay(x — a) + 3°4°5a5(x — avter:, 


with the nth derivative, for all n, being 


f™() = nla, + asum of terms with (x — a) as a factor. 


Since these equations all hold at x = 


f'@ = 4, 


and, in general, 


a, we have 


F"@ = 1+2a, — f"(@) = 1+2 +345, 


f(a) = nla,. 


HISTORICAL BIOGRAPHIES 
Brook Taylor 
(1685-1731) 


Colin Maclaurin 
(1698-1746) 
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These formulas reveal a pattern in the coefficients of any power series pee a,(x — a)" 
that converges to the values of f on J (“represents f on ’). If there is such a series (still an 
open question), then there is only one such series, and its nth coefficient is 

io 


n! 


n 


If f has a series representation, then the series must be 


fo) = f@ + F@@ — a) + > (x — ay 


(n), 
te EG — ap te, (1) 


But if we start with an arbitrary function f that is infinitely differentiable on an interval 
containing x = a and use it to generate the series in Equation (1), will the series then con- 
verge to f(x) at each x in the interval of convergence? The answer is maybe—for some 
functions it will but for other functions it will not (as we will see in Example 4). 


Taylor and Maclaurin Series 


The series on the right-hand side of Equation (1) is the most important and useful series 
we will study in this chapter. 


DEFINITIONS Let f be a function with derivatives of all orders throughout some 
interval containing a as an interior point. Then the Taylor series generated by f 
atx = ais 


Se ae if x“ ) 3 


G= a! = fia) +f @O@= a) + (x — ay 


tere +H 


(n) 
f “0 (x — a)" + 


The Maclaurin series of f is the Taylor series generated by f at x = 0, or 


1770) " (n) 
ee ee f(O) + f'O)x + re Pee + os re) + 


The Maclaurin series generated by f is often just called the Taylor series of f. 


EXAMPLE 1 Find the Taylor series generated by f(x) = 1/x at a = 2. Where, if 
anywhere, does the series converge to 1 /x? 


Solution We need to find f(2), f’(2), f’(2), ... . Taking derivatives we get 


fa =x, f'@=-x?, fF") = 2x3, eee, FMR) = CD ale, 
so that 

” 2 (n) 2 = n 
fQ)=21=5, fQ=-3 PO = 2 = se re. oe 

The Taylor series is 

” (MD 
f@) + F'(QDe— 2) + +e 2) ae +fe Mee 2)" + 
{ @=2),. @=—2y ax — 2)" 

=5 = as 3 eg 
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2:57 


y =erf/y = Px) 


y = Pox) 


FIGURE 10.17 The graph of f(x) = e* 
and its Taylor polynomials 


P(x) =1+x 
Px) = 1 x 
Pix) =1+x 


(x?/2!) 
(x7/2!) + (x3/3!). 


Notice the very close agreement near the 


center x = 0 (Example 2). 


This is a geometric series with first term 1/2 and ratio r = —(x — 2)/2. It converges 
absolutely for |x — 2| < 2 and its sum is 
1/2 1 1 


l+@-2D/2 2+@-2 * 


In this example the Taylor series generated by f(x) = 1/x at a = 2 converges to 1 /x for 
y= 2|-< 2ord <x < 4, ia 


Taylor Polynomials 


The linearization of a differentiable function f at a point a is the polynomial of degree one 
given by 


P(x) = f(a) + f(a — a). 


In Section 3.11 we used this linearization to approximate f(x) at values of x near a. If f 
has derivatives of higher order at a, then it has higher-order polynomial approximations 
as well, one for each available derivative. These polynomials are called the Taylor polyno- 
mials of f. 


DEFINITION Let f be a function with derivatives of order k fork = 1,2,...,N 
in some interval containing a as an interior point. Then for any integer n from 0 
through N, the Taylor polynomial of order n generated by f at x = a is the 
polynomial 


Pa) = fla) + fae — a) + GOq- art 


f@) 


(k) 
f @ _ aj tiene Hb nl (x _ a)". 


k! 


We speak of a Taylor polynomial of order n rather than degree n because f(a) may 
be zero. The first two Taylor polynomials of f(x) = cos x at x = 0, for example, are 
Py(x) = | and P,(x) = 1. The first-order Taylor polynomial has degree zero, not one. 

Just as the linearization of f at x = a provides the best linear approximation of f in 
the neighborhood of a, the higher-order Taylor polynomials provide the “best” polynomial 
approximations of their respective degrees. (See Exercise 40.) 


EXAMPLE 2 Find the Taylor series and the Taylor polynomials generated by f(x) = e* 
atx = 0. 


Solution Since f(x) = e* and f(O) = 1 for every n = 0, 1,2,..., the Taylor series 
generated by f at x = O (see Figure 10.17) is 

” 0 (n), 0 
ae 24... eee 


FO) + f'Ox + Gx 


II 
+ 
= 
+ 

| 
+ 
+ 

| 
+ 


This is also the Maclaurin series for e*. In the next section we will see that the series con- 
verges to e* at every x. 
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The Taylor polynomial of order n at x = 0 is 


= x? x 
PQ) =ltxt ates to. |_| 


EXAMPLE 3 Find the Taylor series and Taylor polynomials generated by f(x) = cos x 
atx = 0. 


Solution The cosine and its derivatives are 


fx = COS x, f'@= —sin x, 
f(x) = —cos x, fYX) = sin x, 
FM) = (C1 cosx, — f2"*PQ) = C1)**! sin x. 


At x = O, the cosines are | and the sines are 0, so 
PXO= Cy, FO) =0. 
The Taylor series generated by f at 0 is 


j f"(O) f'"(0) f™(0) : 
f(O) + f'(O)x + a1 + 31 xe forse nl XM poeee 
2 4 Qn 
=A Os Oe + Clap pee 
[eve) (— 1)kx?* 
~ 2b! 


This is also the Maclaurin series for cos x. Notice that only even powers of x occur in the 

Taylor series generated by the cosine function, which is consistent with the fact that it is an 

even function. In Section 10.9, we will see that the series converges to cos x at every x. 
Because f?"*(0) = 0, the Taylor polynomials of orders 2n and 2n + 1 are identical: 


x2 x4 n_X es 
Pay() = Pane) = 1 5p + gp + CD" ayy 


Figure 10.18 shows how well these polynomials approximate f(x) = cos x near x = 0. 
Only the right-hand portions of the graphs are given because the graphs are symmetric 
about the y-axis. a 


FIGURE 10.18 The polynomials 


n (- 1)kx2* 


P;,(x) = 
an() > Qk! 


converge to cos x as n> Co, We can deduce the behavior of 
cos x arbitrarily far away solely from knowing the values of the 
cosine and its derivatives at x = 0 (Example 3). 
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EXAMPLE 4 


: _ fo, x=0 
ie 27> eo? < £0 


=2 -1 0 1 2 


FIGURE 10.19 The graph of the con- 
tinuous extension of y = e!/* is so flat 
at the origin that all of its derivatives there 
are zero (Example 4). Therefore its Taylor 
series, which is zero everywhere, is not the 
function itself. 


Two questions still remain. 


It can be shown (though not easily) that 


0, x=0 
Ta) = ee x #0 


(Figure 10.19) has derivatives of all orders at x = O and that f(0) = 0 for all n. This 
means that the Taylor series generated by f at x = 0 is 


f0) + fOx+ Gwe to eye eee 


fO) 


=O+ 01+ Or? +--> + Ox" 4+-:: 


=O+04++: +045". 


The series converges for every x (its sum is 0) but converges to f(x) only at x = 0. That is, 
the Taylor series generated by f(x) in this example is not equal to the function f(x) over 
the entire interval of convergence. a 


1. For what values of x can we normally expect a Taylor series to converge to its generat- 


ing function? 


2. How accurately do a function’s Taylor polynomials approximate the function on a 


given interval? 


The answers are provided by a theorem of Taylor in the next section. 


Exercises 10.8 | 


Finding Taylor Polynomials 
In Exercises 1-10, find the Taylor polynomials of orders 0, 1, 2, and 3 
generated by f at a. 

1. f(xy) =e", a=0 2. f(x) = sinx, a=0 
3. fa) =Inx, a=1 4. fx) =Inii +x), a=0 
5. f@ =1/x, a=2 6. f(~) = 1/@+ 2), a=0 
7. f(x) =sinx, a= 7/4 8. f(x) = tanx, a= 7/4 
9 


. f= Vx, a=4 10. fx) = V1-x, a=0 


Finding Taylor Series at x = O (Maclaurin Series) 
Find the Maclaurin series for the functions in Exercises 11-22. 


11. e* 12. xe* 
1 2 x 
13. (aes 14. — 
15. sin 3x 16. sin A 
17. 7cos (—x) 18. 5cos 7x 
19. coshx = © es 20. sinh x = ee 
2 2 

4 3 a 

21x? = 2e = Se 4 22, 


Finding Taylor and Maclaurin Series 
In Exercises 23—32, find the Taylor series generated by f at x = a. 


23. fa) =~ -2x+4, a=2 
24. fa) = 234374 3x-8, a=1 


25. f@ =xt4+x°4+1, a=-2 

26. f@) = 3° — x4 +234 37-2, a=-1 

27. f(x) = 1/x*, a=1 

28. f(x) = 1/0 — x», a=0 

29. f(x) =e, a=2 

30. f(x) = 2%, a=1 

31. f(x) = cos (2x + (7/2)), a= 7/4 

32. fx) = Vx +1, a=0 

In Exercises 33-36, find the first three nonzero terms of the Maclaurin 


series for each function and the values of x for which the series con- 
verges absolutely. 


33. f(x) = cosx — (2/(1 — x) 
34. fo = (1 - x4 xe 

35. f(x) = (sin x) In(1 + x) 
36. f(x) = xsin?x 


Theory and Examples 
37. Use the Taylor series generated by e* at x = a to show that 
(x — a)? | 

a > 


e=e11+(a-at 


38. (Continuation of Exercise 37.) Find the Taylor series generated by 
e* at x = 1. Compare your answer with the formula in Exercise 37. 


39. Let f(x) have derivatives through order n at x = a. Show that the 
Taylor polynomial of order n and its first n derivatives have the 
same values that f and its first n derivatives have at x = a. 
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40. Approximation properties of Taylor polynomials Suppose Thus, the Taylor polynomial P,(x) is the only polynomial of 
that f(x) is differentiable on an interval centered at x = a and that degree less than or equal to n whose error is both zero at 
g(x) = bo + b\w -— a) +--+ + b,x — a)" is a polynomial of x = a and negligible when compared with (x — a)". 
degree n with constant coefficients bo,...,b,. Let E(x) = 


Quadratic Approximations The Taylor polynomial of order 2 gen- 


= . Shi that if i th diti 
P= HOW tOEh an Gan Dose otig ie COnMnOne erated by a twice-differentiable function f(x) at x = a is called the 


i) Ea) = 0 Theapprocimiation error iy 2en9 ah =a. quadratic approximation of f at x = a. In Exercises 41-46, find the 
Tae E(x) The error is negligible when (a) linearization (Taylor polynomial of order 1) and (b) quadratic 
») pee (x — a)" a compared to (x — a)". approximation of f at x = 0. 
then 41. f(x) = In(cos x) 42. f(x) = eine 
, 43. f(x) = 1/V1 — 2 44, f(x) = cosh x 
a 
g(x) = fla) + f'@a- at a ) aytoeee 45. f(x) = sinx 46. f(x) = tanx 
fF] , 
a a (ay 


1 (). 9 Convergence of Taylor Series 


In the last section we asked when a Taylor series for a function can be expected to con- 
verge to that (generating) function. We answer the question in this section with the follow- 
ing theorem. 


THEOREM 23—Taylor’s Theorem If f and its first n derivatives f’, f”,... , f™ 
are continuous on the closed interval between a and b, and f is differentiable 
on the open interval between a and b, then there exists a number c between a and 


b such that 
fb) = fla) + fab — a) + Ow - apt - 
fF] iat 1 se 
+ A (b- a)" + oe pi? ay"*!, 


Taylor’s Theorem is a generalization of the Mean Value Theorem (Exercise 45). There is a 
proof of Taylor’s Theorem at the end of this section. 

When we apply Taylor’s Theorem, we usually want to hold a fixed and treat b as an 
independent variable. Taylor’s formula is easier to use in circumstances like these if we 
change b to x. Here is a version of the theorem with this change. 


Taylor’s Formula 


If f has derivatives of all orders in an open interval J containing a, then for each 
positive integer n and for each x in J, 


FQ) = fla + fa@we— a + Oe art 
+ OO a an + Ro, (1) 
where 
R(x) = pre 6. —a)'*! for some c between a and x. (2) 


(n + 1)! 
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When we state Taylor’s theorem this way, it says that for each x € J, 
fx) = Py) + RQ). 


The function R,(x) is determined by the value of the (n + 1)st derivative f*" at a point 
c that depends on both a and x, and that lies somewhere between them. For any value of n 
we want, the equation gives both a polynomial approximation of f of that order and a for- 
mula for the error involved in using that approximation over the interval /. 

Equation (1) is called Taylor’s formula. The function R,(x) is called the remainder 
of order x or the error term for the approximation of f by P,(x) over J. 


If R,(x) = 0 as n— © for all x EJ, we say that the Taylor series generated by f 
at x = a converges to f on J, and we write 


co ¢(k) 
fey = SEO w- af 
mH 


Often we can estimate R,, without knowing the value of c, as the following example illustrates. 


EXAMPLE 1 Show that the Taylor series generated by f(x) = e* at x = 0 converges 
to f(x) for every real value of x. 


Solution The function has derivatives of all orders throughout the interval J = (—©o, 00). 
Equations (1) and (2) with f(x) = e* and a = 0 give 


" x2 x” Polynomial from 
e=1ltxt al ee nt + RQ) Section 10.8, Example 2 
and 
e 
R(x) = ——— x"! for some c between 0 and x. 
n(®) (n + 1)! 


Since e* is an increasing function of x, e° lies between e° = 1 and e*. When x is negative, 
so is c, and e© < 1. When x is zero, e* = 1 so that R,(x) = 0. When x is positive, so is c, 
and e° < e*. Thus, for R,,(x) given as above, 


x n+1 
| R(x) | = ae when x = 0, e = 
and 
; rt 
| R(x) | < Ge ik when x > 0. =e 
Finally, because 
xitl 
lim we =0 for every x, Section 10.1, Theorem 5 
n—Cco . 


lim R,(x) = 0, and the series converges to e* for every x. Thus, 
n—0o 


~ wk x? xX 
Cg a gp er ee (3) 


We can use the result of Example 1 with x = 1 to write 


2 1 I 
gi Dd th ee RD, 
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where for some c between 0 and 1, 


od 3 
"ari  @pur 


R,) = e<el <3 
Estimating the Remainder 


It is often possible to estimate R,(x) as we did in Example 1. This method of estimation is 
so convenient that we state it as a theorem for future reference. 


THEOREM 24—The Remainder Estimation Theorem If there is a positive con- 
stant M such that | f*()| < M for all t between x and a, inclusive, then the 
remainder term R,(x) in Taylor’s Theorem satisfies the inequality 


| x _ a\"" 


|R,@)| = Ge I 


If this inequality holds for every n and the other conditions of Taylor’s Theorem 
are satisfied by f, then the series converges to f(x). 


The next two examples use Theorem 24 to show that the Taylor series generated by 
the sine and cosine functions do in fact converge to the functions themselves. 


EXAMPLE 2 Show that the Taylor series for sin x at x = 0 converges for all x. 


Solution The function and its derivatives are 


fx = sin x, f'@ = COS x, 
f'~) = —sin x, fi" = —CcOSs x, 
fox) - (-1)* sin x, FE D(x) = (—1)* cos x, 


so 
FO%0) = 0 and FPO) = I 
The series has only odd-powered terms and, for n = 2k + 1, Taylor’s Theorem gives 


F xe x (— es : 
sinx =x — 3 oF sl oP Ok + D! + Rop44(X). 


All the derivatives of sin x have absolute values less than or equal to 1, so we can apply the 
Remainder Estimation Theorem with M = 1 to obtain 


|| 


[Raw = ls oe poy: 

From Theorem 5, Rule 6, we have ( |x|***?/(2k + 2)!) 0 as k > 00, whatever the value 
of x, so Rs,4,(x) 0 and the Maclaurin series for sin x converges to sin x for every x. 
Thus, 


fore) (— 12k! 3 5 7. 
2 Qk + 1) ah ay gg (4) 


sin x = 
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EXAMPLE 3 Show that the Taylor series for cos x at x = 0 converges to cos x for 
every value of x. 


Solution We add the remainder term to the Taylor polynomial for cos x (Section 10.8, 
Example 3) to obtain Taylor’s formula for cos x with n = 2k: 


_ gt xk 
cosx = 1 ry + mm + (1) Qn! + Ry(X). 


Because the derivatives of the cosine have absolute value less than or equal to 1, the 
Remainder Estimation Theorem with M = 1 gives 


lee 


| Rox(x)| = aT ea 


For every value of x, R,(x) 0 as k—> 00. Therefore, the series converges to cos x for 
every value of x. Thus, 


cosx = >) =] a ] pee (5) 


Using Taylor Series 


Since every Taylor series is a power series, the operations of adding, subtracting, and mul- 
tiplying Taylor series are all valid on the intersection of their intervals of convergence. 


EXAMPLE 4 Using known series, find the first few terms of the Taylor series for the 
given function using power series operations. 


(a) 52x + x COs x) (b) e* cos x 
Solution 
(a) $(2x + xeosa) = 3x4 Se(1 a oe +n ae + ) 
=r ae aa es 
(b) e“cosx = (1 txthehais )-(1 -2 4% — +++) see yacht 
. . : . . of the second series. 


x2 x3 xt x2 x3 x* x 
-(1¢0+548+54--) (S+5+d+ae) 


x4 x” x® 
(Hehe tite )ee 


By Theorem 20, we can use the Taylor series of the function f to find the Taylor series 
of f(u(x)) where u(x) is any continuous function. The Taylor series resulting from this 
substitution will converge for all x such that u(x) lies within the interval of convergence of 
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the Taylor series of f. For instance, we can find the Taylor series for cos 2x by substituting 
2x for x in the Taylor series for cos x: 


love) —1)2 2k 2 2 2 4 2 6 
cos 2x = Se a o + “ ot foieee Eq. (5) with 2x for x 
i=0 ; L i i 
22 4.4 6,.6 
1 2°x 4 2x 2x ee 


2! 4! 6! 


_ Se 22x? 
> y (2k)! * 


EXAMPLE 5 For what values of x can we replace sin x by x — (x7/3!) with an error 
of magnitude no greater than 3 X 107+? 


Solution Here we can take advantage of the fact that the Taylor series for sinx is an 
alternating series for every nonzero value of x. According to the Alternating Series Estima- 
tion Theorem (Section 10.6), the error in truncating 

31 5 

wi, x 

3!; 5! 


sinx = x 


after (x3 / 3!) is no greater than 


x 
5! 


Therefore the error will be less than or equal to 3 X 10“ if 


| x|> = 2 = Rounded down, 
120 <3 x 10 or | x| < V360 X 10% = 0.514. to be safe 
The Alternating Series Estimation Theorem tells us something that the Remainder 
Estimation Theorem does not: namely, that the estimate x — (x? / 3!) for sin x is an under- 
estimate when x is positive, because then x°/120 is positive. 
Figure 10.20 shows the graph of sin x, along with the graphs of a number of its 
approximating Taylor polynomials. The graph of P;(x) = x — (x3/3!) is almost indistin- 
guishable from the sine curve when 0 = x = 1. i 


FIGURE 10.20 The polynomials 


_ n (— 1)?! 
Poy +1(X) ~~ > (2k aie 1D! 


converge to sin x as n — ©, Notice how closely P3(x) approxi- 
mates the sine curve for x = | (Example 5). 
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A Proof of Taylor’s Theorem 


We prove Taylor’s theorem assuming a < b. The proof for a > b is nearly the same. 
The Taylor polynomial 


RO) = f@ + fate — a + Ow — arte + 


(x — a)" 


f(a) 
! 


n 


and its first n derivatives match the function f and its first n derivatives at x = a. We do 
not disturb that matching if we add another term of the form K(x — a)"*!, where K is any 
constant, because such a term and its first n derivatives are all equal to zero at x = a. The 
new function 


(x) = P(x) + K(x — ay"! 
and its first n derivatives still agree with f and its first n derivatives at x = a. 


We now choose the particular value of K that makes the curve y = @,(x) agree with 
the original curve y = f(x) at x = b. Insymbols, 


¥ f(b) ~ Px) 
f(b) = P,(b) oF K(b _ a)" ” or k= ‘(6 — atl” (6) 


With K defined by Equation (6), the function 
F(x) = f(@®) — 6,0) 


measures the difference between the original function f and the approximating function 
o, for each xin [a,b]. 

We now use Rolle’s Theorem (Section 4.2). First, because F(a) = F(b) = 0 and both 
F and F" are continuous on [ a, b], we know that 


F'(c;)) = 0 for some c;, in (a, D). 


Next, because F’(a) = F'(c,) = 0 and both F’ and F" are continuous on [ a, c; ], we know 
that 


F"(c) = 0 for some cp in (a, c}). 
Rolle’s Theorem, applied successively to F”, F”,..., F~), implies the existence of 
cz in (a, Co) such that F’""(c3) = 0, 


cin (a, C3) such that F(c,) = 0, 


C, in(a,C,—-1) such that F(c,) = 0. 


Finally, because F) is continuous on [a,c,] and differentiable on (a,c,), and 
Fa) = F™(c,) = 0, Rolle’s Theorem implies that there is a number c,, in (a, c,,) such 
that 


FY (c.41) = 0. (7) 


If we differentiate F(x) = f(x) — P(x) — K(x — a)"*! a total of n + 1 times, we get 
Fete) = fa) -— 0 -— (n+ DIK. (8) 
Equations (7) and (8) together give 


fr Nc) 


— = Dp! for some number c = c, +, in (a, b). (9) 
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Equations (6) and (9) give 


f"* D(C) 


iOS EO taal 


(b a a)"t}, 


This concludes the proof. a 


Exercises 10.9 | 


Finding Taylor Series 
Use substitution (as in Example 4) to find the Taylor series at x = 0 
of the functions in Exercises 1-10. 


le 2. er? 3. Ssin (x) 
4. sin (=) 5. cos 5x? 6. cos (x7/3/V/2) 
7. In(1 + x’) 8. tan! (3x+) 9. 4 : 
1+ Gx 
10, =~ 


Use power series operations to find the Taylor series at x = O for the 
functions in Exercises 11-28. 

: x? 
12. x?sinx 13. 3 — 1+ cosx 


16. x?cos (x?) 


11. xe* 
: x3 
14. sinx —x + 31 


17. cos*x (Hint: cos?x = (1 + cos 2x)/2.) 


15. x cos 7x 


2 


25 x 
18. sin-x 19. i— oy 20. xIn(1 + 2x) 
oe 22, > — 23, x tan! x? 

(1 — x)? (1 — x) 
24. sin x:cos x 25. e* + 26. cos x — sinx 


ee 


27. 5 In(l + x2) 28. In(1 + x) — In(1 — x) 


Find the first four nonzero terms in the Maclaurin series for the func- 
tions in Exercises 29-34. 


In(l + 
29. e* sin x a 31. (tan! x)? 
1l=x 
32. cos? x* sinx 33. sine 34. sin (tan! x) 


Error Estimates 

35. Estimate the error if P(x) = x — (x3 / 6) is used to estimate the 
value of sin x at x = 0.1. 

36. Estimate the error if P,(x) = 1 + x + (47/2) + (43/6) + (4/24) 
is used to estimate the value of e* at x = 1/2. 


37. For approximately what values of x can you replace sin x by 
x — (3/6) with an error of magnitude no greater than 5 X 104? 
Give reasons for your answer. 


38. If cos x is replaced by 1 — (x?/2) and |x| < 0.5, what estimate 
can be made of the error? Does 1 — (x?/2) tend to be too large, 
or too small? Give reasons for your answer. 


39. How close is the approximation sin x = x when |x| < 103? 
For which of these values of x is x < sin x? 


40. The estimate V1 + x = 1 + (/2) is used when x is small. Esti- 
mate the error when |x| < 0.01. 


41. The approximation e* = 1 + x + (x?/2) is used when x is small. 
Use the Remainder Estimation Theorem to estimate the error 
when |x| < 0.1. 


42. (Continuation of Exercise 41.) When x < 0, the series for e* is 
an alternating series. Use the Alternating Series Estimation Theo- 
rem to estimate the error that results from replacing e* by 
1 + x + (x?/2) when —0.1 < x < 0. Compare your estimate 
with the one you obtained in Exercise 41. 


Theory and Examples 

43. Use the identity sin?x = (1 — cos 2x)/2 to obtain the Maclaurin 
series for sin?x. Then differentiate this series to obtain the 
Maclaurin series for 2 sin x cos x. Check that this is the series for 
sin 2x. 


44, (Continuation of Exercise 43.) Use the identity cos?x = 


cos 2x + sin*x to obtain a power series for cos? x. 


45. Taylor’s Theorem and the Mean Value Theorem Explain 
how the Mean Value Theorem (Section 4.2, Theorem 4) is a spe- 
cial case of Taylor’s Theorem. 


46. Linearizations at inflection points Show that if the graph of a 
twice-differentiable function f(x) has an inflection point at 
x = a, then the linearization of f at x = a is also the quadratic 
approximation of f at x = a. This explains why tangent lines fit 
so well at inflection points. 


47. The (second) second derivative test Use the equation 


f@) = fla + f'(@& — a) (xe ap 


: fo) 
a: 
to establish the following test. 


Let f have continuous first and second derivatives and sup- 
pose that f’(a) = 0. Then 


a. f has a local maximum at a if f” < 0 throughout an interval 
whose interior contains a; 


b. f has a local minimum at a if f” = O throughout an interval 
whose interior contains a. 
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48. A cubic approximation Use Taylor’s formula with a = 0 and 
n = 3 to find the standard cubic approximation of f(x) = 
1/(1 — x) at x = 0. Give an upper bound for the magnitude of 
the error in the approximation when |x| < 0.1. 

49. a. Use Taylor’s formula with n = 2 to find the quadratic approx- 

imation of f(x) = (1 + x)‘ at x = 0 (kaconstant). 
b. If k = 3, for approximately what values of x in the interval 
[0, 1] will the error in the quadratic approximation be less 
than 1/100? 
50. Improving approximations of 7 


a. Let P be an approximation of 7 accurate to n decimals. Show 
that P + sin P gives an approximation correct to 3n deci- 
mals. (Hint: Let P = 7 + x.) 


T| b. Try it with a calculator. 


51. The Taylor series generated by f(x) = Sep ayx" is Sey a,x" 
A function defined by a power series Seo dyx" with a radius of 
convergence R > 0 has a Taylor series that converges to the 
function at every point of (—R, R). Show this by showing that the 
Taylor series generated by f(x) = So dyx" is the series 
D0 yx" itself. 

An immediate consequence of this is that series like 


, Pe Ke 
xsinx=x'— 2 + a4 
and 
4 5 
: Pe 
Per = 74+ 4 | free, 
2! 3! 


obtained by multiplying Taylor series by powers of x, as well as 
series obtained by integration and differentiation of convergent 
power series, are themselves the Taylor series generated by the 
functions they represent. 


52. Taylor series for even functions and odd functions §(Continu- 
oe) 
ation of Section 10.7, Exercise 59.) Suppose that f(x) = Sin=0Gnx" 
converges for all x in an open interval (—R, R). Show that 


a. If f is even, then a; = a3 = ds 0, i.e., the Taylor 
series for f at x = 0 contains only even powers of x. 

b. If f is odd, then dy = ay = ay 0, i.e., the Taylor 
series for f at x = 0 contains only odd powers of x. 


COMPUTER EXPLORATIONS 
Taylor’s formula with n = 1 and a = 0 gives the linearization of a 
function at x = 0. With n = 2 and n = 3 we obtain the standard 


quadratic and cubic approximations. In these exercises we explore the 
errors associated with these approximations. We seek answers to two 
questions: 


a. For what values of x can the function be replaced by each 
approximation with an error less than 10~*? 


b. What is the maximum error we could expect if we replace the 
function by each approximation over the specified interval? 


Using a CAS, perform the following steps to aid in answering 
questions (a) and (b) for the functions and intervals in Exercises 
53-58. 


Step 1: Plot the function over the specified interval. 


Step 2: Find the Taylor polynomials P;(x), P(x), and P3(x) at 
x= 0. 

Step 3: Calculate the (n + 1)st derivative f@*)(c) associ- 
ated with the remainder term for each Taylor polynomial. 
Plot the derivative as a function of c over the specified inter- 
val and estimate its maximum absolute value, M. 


Step 4: Calculate the remainder R,(x) for each polynomial. 
Using the estimate M from Step 3 in place of f*)(c), plot 
R,(x) over the specified interval. Then estimate the values of 
x that answer question (a). 


Step 5: Compare your estimated error with the actual error 
E,(x) = | f(x) — P,(x)| by plotting E,,(x) over the specified 
interval. This will help answer question (b). 

Step 6: Graph the function and its three Taylor approxima- 
tions together. Discuss the graphs in relation to the informa- 
tion discovered in Steps 4 and 5. 


1 3 
53. f(x) = ——, <>. 
Oe 
54. f(x) = (1 + 0), -}sxs2 
S.j0=5 — |] =2 
e+ 


56. f(x) = (cos x\(sin 2x), |x| <2 
57. f(x) = e*cos 2x, |x| <1 
58. f(x) = esin2x, |x| = 2 
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We can use Taylor series to solve problems that would otherwise be intractable. For exam- 
ple, many functions have antiderivatives that cannot be expressed using familiar functions. In 
this section we show how to evaluate integrals of such functions by giving them as Taylor 
series. We also show how to use Taylor series to evaluate limits that lead to indeterminate 
forms and how Taylor series can be used to extend the exponential function from real to 
complex numbers. We begin with a discussion of the binomial series, which comes from the 
Taylor series of the function f(x) = (1 + x)”, and conclude the section with Table 10.1, 
which lists some commonly used Taylor series. 
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The Binomial Series for Powers and Roots 
The Taylor series generated by f(x) = (1 + x)”, when m is constant, is 


mm — 1) re mim — 1)\(m — 2) 3 


2! 3! 


+ Mn — hm Aen Et 


This series, called the binomial series, converges absolutely for | x| < 1. To derive the 
series, we first list the function and its derivatives: 


fe) = (+ x" 
fe) = m1 +"! 

f"(x) = mim — NL + ay"? 

f"(x) = mom — 1m — 2) + yr 


1 + mx + 


at, (1) 


f(x) = mm — 1m — 2)-+-(m — k + YO + xy" 


We then evaluate these at x = 0 and substitute into the Taylor series formula to obtain 
Series (1). 

If m is an integer greater than or equal to zero, the series stops after (m + 1) terms 
because the coefficients from k = m + | on are zero. 

If m is not a positive integer or zero, the series is infinite and converges for |x| < 1. 
To see why, let u, be the term involving x*. Then apply the Ratio Test for absolute conver- 
gence to see that 


Uk+1 
Ux 


> |x| as k—> 00, 


_ mak. 
k+1 


Our derivation of the binomial series shows only that it is generated by (1 + x)” and 
converges for |x| < 1. The derivation does not show that the series converges to 
(1 + x)”. It does, but we leave the proof to Exercise 58. The following formulation gives 
a succinct way to express the series. 


The Binomial Series 


For -1 <x < 1, 


GQtayr=1+> (")x 
m1 \k 


where we define 


and 


fork = 3. 


2) — mim — 1)\(m — 2)-+-(m — k + 1) 
k} 


EXAMPLE 1 Ifm = —1, 
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and 


1 1(—2)(-3)---(-1 — k + 1) k! 
( ) = il - coi) = CD 


With these coefficient values and with x replaced by —x, the binomial series formula gives 
the familiar geometric series 


dt+x!t=1+ Ney =l=74 7-74 ee Gon Die on | 
k=1 


EXAMPLE 2 We know from Section 3.11, Example 1, that V1 + x ~ 1 + (x/2) 
for |x| small. With m= 1/2, the binomial series gives quadratic and higher-order 
approximations as well, along with error estimates that come from the Alternating Series 


Estimation Theorem: 
2 2, 2 2 2, 
>? + EE ee) 


2! 3! 


OCDE) . 


4! 


Oe a 


x x2 x 5x4 
= dt 9 gS te og tO 


Substitution for x gives still other approximations. For example, 


View Sle for |x?| small 
1 1 il 1 : 
t= ed ee for |5-| small, that is, |x| large. Oo 


Evaluating Nonelementary Integrals 


Sometimes we can use a familiar Taylor series to find the sum of a given power series in 
terms of a known function. For example, 


x x10 xl4 (x?)3 (x2)> (x?)7 ; 
Pla a a ee ee 


x 


Additional examples are provided in Exercises 59-62. 
Taylor series can be used to express nonelementary integrals in terms of series. Inte- 
grals like y sin x? dx arise in the study of the diffraction of light. 


EXAMPLE 3 Express _' sin x? dx as a power series. 


Solution From the series for sin x we substitute x? for x to obtain 


r 5 x8, xl ld lB 


317 51 7 OO 


Therefore, 


3) 7 11 15 19 
a ee x Xx Xx x x i 
[sins Oe OT ag TisSt Seal” 1929! s 
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EXAMPLE 4 Estimate 1, é sin x? dx with an error of less than 0.001. 
Solution From the indefinite integral in Example 3, we easily find that 


1 
ee | I I I 
[ sins m= 3- 7.3 + 17-5 15-7 * 19-91 


The series on the right-hand side alternates, and we find by numerical evaluations that 


oe 
11-5! 


=~ 0.00076 
is the first term to be numerically less than 0.001. The sum of the preceding two terms gives 


1 
ae eee ieee ee 
| sin x- dx 3 2 0.310. 


With two more terms we could estimate 
1 
/ sin x? dx ~ 0.310268 
0 
with an error of less than 107°. With only one term beyond that we have 


1 
a8 7 i 1 1 1 1 
| sinx’ dx ~ 3 — 49 + 1320 75600 * 6894720 


= 0.310268303, 


with an error of about 1.08 < 107°. To guarantee this accuracy with the error formula for 
the Trapezoidal Rule would require using about 8000 subintervals. a 


Arctangents 


In Section 10.7, Example 5, we found a series for tan! x by differentiating to get 


tty at ef ae pat ma + 
dx 14+ x 
and then integrating to get 
3 5 7 
-| eye KY, 
tan x = x 3 5 7 


However, we did not prove the term-by-term integration theorem on which this conclusion 
depended. We now derive the series again by integrating both sides of the finite formula 


1 


n (-1yt lent 
l+?f 


=|]-—-P+fA— fo4+.--- + — yyy 
cy 1+? 


, (2) 
in which the last term comes from adding the remaining terms as a geometric series with 
first term a = (—1)"*!"*? and ratio r = —?. Integrating both sides of Equation (2) from 
t = Otot = x gives 

3 5 7 ert 


=] aries —14\n 
tan'x = x 3 +5 at or al sera 


+ RQ), 


where 


“Ly ttpent2 
R(x) -/ ee dt. 
0 t 


The denominator of the integrand is greater than or equal to 1; hence 


Leierre 


|x| 
2n+2 = 
| R(x) | = | t dt n+ 3° 
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If |x| <1, the right side of this inequality approaches zero as n—>0o. Therefore 
lim, sooR, (x) = 0 if |x| < 1 and 


e) —] ny2nt 1 
tan! x = Sa | x| = 1. 

a 3 | 7 @) 
tan x =x ee ae Le = 1 


We take this route instead of finding the Taylor series directly because the formulas 
for the higher-order derivatives of tan~!x are unmanageable. When we put x = 1 in Equa- 
tion (3), we get Leibniz’s formula: 


— ua 
Ty 1 4 11 i 1, 4 (-1) 
4 3 5 7 9 2n + 1 
Because this series converges very slowly, it is not used in approximating 77 to many decimal 
places. The series for tan”! x converges most rapidly when x is near zero. For that reason, 
people who use the series for tan™! x to compute zr use various trigonometric identities. 


For example, if 


1 _11 
= A = es 
qa = tan 5) and 6 = tan 3° 
then 
1 1 
tana + tan B 7+ 3 oT 
ana + P= TT tenatang 7-2 1 84 
and 


a expel =i 
4 at B tan'’5 + tan 3° 


Now Equation (3) may be used with x = 1/2 to evaluate tan”! (1/2) and with x = 1/3 to 
give tan! (1/3). The sum of these results, multiplied by 4, gives 7. 


Evaluating Indeterminate Forms 


We can sometimes evaluate indeterminate forms by expressing the functions involved as 
Taylor series. 


EXAMPLE 5 Evaluate 


Solution We represent In x as a Taylor series in powers of x — |. This can be accom- 
plished by calculating the Taylor series generated by In x at x = | directly or by replacing 
x by x — | in the series for In(1 + x) in Section 10.7, Example 6. Either way, we obtain 


Inx = (x - 1) F(x De $22), 


from which we find that 


nx _4 a ere, 
= im (1 5a Ts ) i H 


x71 xX — x1 
Of course, this particular limit can be evaluated using I’ H6pital’s Rule just as well. 


EXAMPLE 6 Evaluate 
. sinx — tanx 
lim ———_.—— 
x0 x 
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5 


Solution The Taylor series for sin x and tan x, to terms in x°, are 
3 5 3 5 
sinx = x re ane tnx xt Pe eyes, 
Subtracting the series term by term, it follows that 
sinx — tanx = a ae a ee Me aoe 
2 8 . 2 8 , 
Division of both sides by x° and taking limits then gives 
% 
. sinx — tanx : * 
lim 7 = im ( ) 
x0 x x0 8 
= ll 
eae: a 


If we apply series to calculate lim,—.)((1/sin x) — (1/x)), we not only find the limit suc- 
cessfully but also discover an approximation formula for csc x. 


—0 \ sin x 


EXAMPLE 7 Find lim (4 - 1). 


Solution Using algebra and the Taylor series for sin x, we have 


3 5 
x (: a + a ) 
1 |. += sinx 3 5 
sinx xsin x ; 7 3 a x 7 
xl x a 
1 x 1 x 
3 ae = 
a (4 lid ) ar ai 
= : =x 
2 a Mh x 
x (1 31 + ) 1 31 5 
Therefore, 
1_2 
1 1 31S! 
lim| —— — , } = lim] x » ——————_ ] = 0. 
x0 \ sin x x0 a 
= a ae dtu 


From the quotient on the right, we can see that if |x| is small, then 


+ 


5 1 
F =x = or cscx ~ > 
sinx * 3! 6 x 


Euler’s Identity 


A complex number is a number of the form a + bi, where a and b are real numbers and 
i = V~-1 (see Appendix 7). If we substitute x = i@ (6 real) in the Taylor series for e* and 


use the relations 
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and so on, to simplify the result, we obtain 


io 70 Pe, vO Pe OP, e. 
SS or a at or ee 


_ oe . 6° @ : ae  & _ es 
(1 rae Pe) +i(o 31 + 5 -) cos 6 + isin 0. 


This does not prove that e” = cos @ + isin 6 because we have not yet defined what 
it means to raise e to an imaginary power. Rather, it says how to define e’ to be consistent 
with other things we know about the exponential function for real numbers. 


DEFINITION 


For any real number 6, e’ = cos @ + isin 0. (4) 


Equation (4), called Euler’s identity, enables us to define e“+” to be e*: e”' for any 
complex number a + bi. One consequence of the identity is the equation 


When written in the form e’” + 1 = 0, this equation combines five of the most important 
constants in mathematics. 


TABLE 10.1 Frequently used Taylor series 


I ; = Se 
eel ate ee se = >", |x| <1 
1 _ 2 a. Sos 16 —y)n ice = . —1)"x" 
leat x Xx + (=x)? + aC 1)*x", |x] <1 
: x x" x" 
@=1txt+0 4-424 » |x| <0 
2! n\ a0! 
x3 5 x2ntl a —1ytx2n*1 
— sila n ae) 3 < 
SS ea I + CY Gat pl * ZSoepe else 
2 Pe yon co —1)"x" 
n oe < 
ee hoy a + CD" ami + 2 Gn RIS 
Be = _ xn fore) (-1)"" 1x” 
In (ls Ay Son i a tae tad) ee no? Poe 
8 as y2ntl lo) —1)nt! 


tas x= Soest ely _ jz] =1 
0 


Exercises USO 


Binomial Series 
Find the first four terms of the binomial series for the functions in 
Exercises 1-10. 


1 d+ 0!? 2.1 + x)!8 3. (I — x3 


5, (1 ; x)" 6. (1 : zy 


71+ yl? 8. (1 + x2)71/3 


‘) x 
1 ker 10. == 
( m Yl +x 


Find the binomial series for the functions in Exercises 11-14. 
11. (1 + x)* 12. (1 + x?)3 


4 
xX 
1“ (1-3) 


Approximations and Nonelementary Integrals 

In Exercises 15-18, use series to estimate the integrals’ values with an 
error of magnitude less than 10~>. (The answer section gives the inte- 
grals’ values rounded to seven decimal places.) 


0.6 O4 ry 
15. r sin x2 dx 16. F; : dx 
0 0 


0.5 0.35 


1 3 
————dx 18. V1 + x7 dx 
0 V1l+x+ 0 


ay 


. (1 — 2x)! 


= 


13. (1 — 2x) 


17. 


Use series to approximate the values of the integrals in Exercises 
19-22 with an error of magnitude less than 107°. 


Ol. 0.1 
19. / dx 20. | e* dx 
0 0 


0.1 
21. V1 + x* dx 


i 1 
22, ; a EOE ig 
0 0 x” 


: ; “ot 
23. Estimate the error if cos 7? is approximated by 1 — = + — 


in the 
; ‘ A 2 4! 
integral de cos f° dt. 
: : : tt # 
24. Estimate the error if cos V1 is approximated by 1 — 5) + a 6 


in the integral fe 7 cos Vt dt. 


In Exercises 25-28, find a polynomial that will approximate F(x) 
throughout the given interval with an error of magnitude less than 
10°. 


25. F(x) -f sin?’ dt, [0,1] 
0 

26. F(x) = | Pet dt, [0,1] 
0 


27. F(x) = | tan'tdt, (a) [0,0.5] (b) [0,1] 
0 


ie In(l + 4A) 
28. F(x) = —_—dt, 
0 


; (a) [0,0.5] 


(b) [0,1] 
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Indeterminate Forms 
Use series to evaluate the limits in Exercises 29-40. 


~~ i + ey ss 
29, tim’ © *» 30. lim’ —£ 
x0 a x0 
1 — cost — (72/2) sind — 6 + (63/6) 
ig a ue) 
10 t 60 9° 
— tan! tan! y — sin 
33. lim> ——— 34. lim ——>—_—"* 
yo y yoo -y’cos y 
. —p)y2 ‘ , 1 
2 1 re 
35. Jim x (e 1) 36. Jim @ + 1) sin ~ 9 
In(1 + x? 2 
ae in 
x0 1 — cosx x2 In(x — 1) 
in 3x2 In(1 + 3 
eines 40. lim Ue) 
x0 1 — cos 2x x0 x sin x2 


Using Table 10.1 
In Exercises 41-52, use Table 10.1 to find the sum of each series. 


| | 1 | 1 | 1 | 
41. 1 T 1 T 2 T 3! T 4! Pe ee 
ie fly a LY a TL a 
42 (3) +G)+@)- a) 3 
32 38 30 
aS eo ea ABR 
1 1 1 1 
44, + t 
2 2-22 3-23 4-24 
7 wr. a 
45. 3 3.31 | B51 TT 
2 23 25 27 
46. sae 
3 3343 3565 377 
47 txt t+ xo +: 
32,2 ; 34y4 36,6 ; 
Be Eo ay ge 
49, xP — OP +47 — x9 + x! 
ee ee ORE 
50. x? — 2x3 4 1 a a 
51. —1 + 2x — 3x7 + 4° — 5x44 
52 1 i x j x i x i oe Bs cies ae 


2 3 4 5 


Theory and Examples 

53. Replace x by —x in the Taylor series for In (1 + x) to obtain a 
series for In(1 — x). Then subtract this from the Taylor series for 
In (1 + x) to show that for |x| < 1, 


L+x_ ee, 
Iny (xt SEs ), 


54. How many terms of the Taylor series for In(1 + x) should you 
add to be sure of calculating In (1.1) with an error of magnitude 
less than 10-8? Give reasons for your answer. 
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55. According to the Alternating Series Estimation Theorem, how 
many terms of the Taylor series for tan! 1 would you have to add 
to be sure of finding 7/4 with an error of magnitude less than 
10-3? Give reasons for your answer. 


56. Show that the Taylor series for f(x) = tan'x diverges for 
|x| > 1. 


57. Estimating Pi About how many terms of the Taylor series for 


tan”! x would you have to use to evaluate each term on the right- 
hand side of the equation 


= ll =, | 1 
1 1 1 
aw = 48 tan 18 + 32 tan 57 20 tan 330 


with an error of magnitude less than 10~°? In contrast, the con- 
co . 

vergence of >,,-,(1/n’) to 77/6 is so slow that even 50 terms 

will not yield two-place accuracy. 


58. Use the following steps to prove that the binomial series in Equa- 
tion (1) converges to (1 + x)”. 


a. Differentiate the series 


fa) =1+ (7) 
mi\k 


to show that 


mf (x) 
1+ x’ 


f'(~) = = ax <1, 
b. Define g(x) = (1 + x)~” f(x) and show that g’(x) = 0. 
c. From part (b), show that 


f@) =a + x)”. 


59. a. Use the binomial series and the fact that 


d. = 

ain y= (1-2)? 
to generate the first four nonzero terms of the Taylor series 
for sin! x. What is the radius of convergence? 

b. Series for cos!x Use your result in part (a) to find the first 
five nonzero terms of the Taylor series for cos! x. 

60. a. Series for sinh!x Find the first four nonzero terms of the 

Taylor series for 


sit = ft 
o0V1l+?f 


T| b. Use the first three terms of the series in part (a) to estimate 
sinh”! 0.25. Give an upper bound for the magnitude of the 
estimation error. 


61. Obtain the Taylor series for 1/(1 + x)* from the series for 
—1/( + x). 


62. Use the Taylor series for 1/(1 — x?) to obtain a series for 
2x/(1 — x?)?. 


63. Estimating Pi The English mathematician Wallis discovered 


the formula 


T  2:4:4+6:6:8+:-: 
Ao 3 SERA T ET] 


Find 7 to two decimal places with this formula. 


64. The complete elliptic integral of the first kind is the integral 


q/2 
K= / dé 
0 V1l-—-k sin’6 
where 0 < k < 1 is constant. 


a. Show that the first four terms of the binomial series for 


1/V1 — x are 


(Q—-x J? =14+<-x4 


b. From part (a) and the reduction integral Formula 67 at the 
back of the book, show that 


a f 1? a4 29 te Ea ee : 
K tli +(3)e (53) (GE) peel, 
65. Series for sin'x Integrate the binomial series for (1 — x?)~!/ 
to show that for |x| < 1, 


fies ax. gu, Se Oa Ty get 
ana 2 Sangeet) 2a eT 


n=1 


66. Series for tan''x for |x| > 1 Derive the series 


_ 7 
tan! x = bere x >] 


tan! x bere x <I, 


by integrating the series 


1 i), 1 1 1 1 1 
l+P P itd?) P fF et # 


in the first case from x to CO and in the second case from —©° to x. 


Euler’s Identity 
67. Use Equation (4) to write the following powers of e in the form 
at bi. 


a. eit b eit/4 c ein /2 


68. Use Equation (4) to show that 
elf + ei _ el — ei 
cos 0 = 5) and sin@ = WO 
69. Establish the equations in Exercise 68 by combining the formal 
Taylor series for e and e’. 


70. Show that 


a. cosh i@ = cos @, b. sinh i = isin @. 


71. By multiplying the Taylor series for e* and sin x, find the terms 
through x° of the Taylor series for e*sin x. This series is the 
imaginary part of the series for 


ee ex = eltix 
Use this fact to check your answer. For what values of x should 
the series for e‘sin x converge? 


lat ib)x 


72. When a and b are real, we define with the equation 


eat ibyx = eA. eibx = e(cgs bx + isin bx). 


73. 


Differentiate the right-hand side of this equation to show that 


(at+ib)x — B (a+ib)x 
e = (at ibje ‘ 


Thus the familiar rule (d/dx)e = ke™ holds for k complex as 
well as real. 


Use the definition of e to show that for any real numbers 6, 0), 
and 0, 


iO; p10. — pi(O,+80. 
a. ee = elf 2) 


b. e8 = 1/e. 


74. 
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Two complex numbers a + ib and c + id are equal if and only if 
a = cand b = d. Use this fact to evaluate 


| e“ cos bx dx and : e sin bx dx 


elatib)x dx = — a elatib)x } C, 
a+b 


from 


where C = C, + iC, is a complex constant of integration. 


Chapter 10— Questions to Guide Your Review 


1. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


What is an infinite sequence? What does it mean for such a 
sequence to converge? To diverge? Give examples. 


. What is a monotonic sequence? Under what circumstances does 


such a sequence have a limit? Give examples. 


. What theorems are available for calculating limits of sequences? 


Give examples. 


. What theorem sometimes enables us to use |’H6pital’s Rule to 


calculate the limit of a sequence? Give an example. 


. What are the six commonly occurring limits in Theorem 5 that 


arise frequently when you work with sequences and series? 


. What is an infinite series? What does it mean for such a series to 


converge? To diverge? Give examples. 


. What is a geometric series? When does such a series converge? 


Diverge? When it does converge, what is its sum? Give examples. 


. Besides geometric series, what other convergent and divergent 


series do you know? 


. What is the nth-Term Test for Divergence? What is the idea 


behind the test? 


What can be said about term-by-term sums and differences of 
convergent series? About constant multiples of convergent and 
divergent series? 


What happens if you add a finite number of terms to a convergent 
series? A divergent series? What happens if you delete a finite 
number of terms from a convergent series? A divergent series? 


How do you reindex a series? Why might you want to do this? 


Under what circumstances will an infinite series of nonnegative 
terms converge? Diverge? Why study series of nonnegative terms? 


What is the Integral Test? What is the reasoning behind it? Give 
an example of its use. 


When do p-series converge? Diverge? How do you know? Give 
examples of convergent and divergent p-series. 


What are the Direct Comparison Test and the Limit Comparison 
Test? What is the reasoning behind these tests? Give examples of 
their use. 


What are the Ratio and Root Tests? Do they always give you the 
information you need to determine convergence or divergence? 
Give examples. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 
28. 


29. 


30. 


31. 


What is absolute convergence? Conditional convergence? How 
are the two related? 


What is an alternating series? What theorem is available for 
determining the convergence of such a series? 


How can you estimate the error involved in approximating the 
sum of an alternating series with one of the series’ partial sums? 
What is the reasoning behind the estimate? 


What do you know about rearranging the terms of an absolutely 
convergent series? Of a conditionally convergent series? 


What is a power series? How do you test a power series for con- 
vergence? What are the possible outcomes? 


What are the basic facts about 

a. sums, differences, and products of power series? 
b. substitution of a function for x in a power series? 
c. term-by-term differentiation of power series? 

d. term-by-term integration of power series? 

Give examples. 


What is the Taylor series generated by a function f(x) at a point 
x = a? What information do you need about f to construct the 
series? Give an example. 


What is a Maclaurin series? 

Does a Taylor series always converge to its generating function? 
Explain. 

What are Taylor polynomials? Of what use are they? 

What is Taylor’s formula? What does it say about the errors 
involved in using Taylor polynomials to approximate functions? 


In particular, what does Taylor’s formula say about the error in a 
linearization? A quadratic approximation? 


What is the binomial series? On what interval does it converge? 
How is it used? 


How can you sometimes use power series to estimate the values 
of nonelementary definite integrals? To find limits? 


What are the Taylor series for 1/(1 — x), 1/(1 + x), e*, sin x, 
cos x, In(1 + x), and tan”'x? How do you estimate the errors 
involved in replacing these series with their partial sums? 
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Chapter BK Practice Exercises 


Determining Convergence of Sequences 

Which of the sequences whose nth terms appear in Exercises 1-18 
converge, and which diverge? Find the limit of each convergent 
sequence. 


lea,=1+ saad 2. a, = — 
3.4, =+ a as 4. a, = 1+ (0.9) 
5. d, = sin 6. a, = sinnat 
ee igen y 
0 a= ee inn ee 1 Cli 1) 


n- 5 n 1 —n 
11. a, = ( n ) 12. a, = (1 + i) 


73n 3 1/n 
13. a, = nD 14. a, = 3) 
15. a, = n(2'/" — 1) 16. a, = V2n+ 1 

+ 1)! —4)" 
a i me 

n! n! 


Convergent Series 

Find the sums of the series in Exercises 19-24. 
2 

sa Sa = 08 — 1) ans >> n(n + 1) 


n=3 


> (4n — nie +1) 


n=3 


- > (3n — ban + 2) 


n=1 


co 7 co 3 
23. : 24. =) 

2° 20% 
Determining Convergence of Series 
Which of the series in Exercises 25-40 converge absolutely, which 
converge conditionally, and which diverge? Give reasons for your 
answers. 


— 1 a) 
25. —= 26. — 

wa (- 1)” | 
27. 28. — 

> Vn on 2n' 

co = 1)" (oe) 1 
29. 30. 

2 ina + 0) In(n + 1)  n(inn)* 


2 Z 


31. ees 32. 2 (nw) 


fo) (—1)" ioe) (-1)"3r? 

33. ———— 34. —. 
Dew arm A wt 
antl Seite +1) 

ae n} oo area 
co (-—3)" [oe} Qn gn 

37. >» = 38. >» 7 


co [oe} 1 
39. ——————— 40. == 
Ves 1)(n + 2) > nwr—-i1 


Power Series 

In Exercises 41—50, (a) find the series’ radius and interval of conver- 
gence. Then identify the values of x for which the series converges 
(b) absolutely and (ce) conditionally. 


co (x + 4)" oo (x a 1)" 
41. 2 or 42 ps Qn—D! 
oo 1)" 13x — 1)" y(n + 1)(2x + 1)” 


q=1 n ei (Qn + 1)2” 

oe x” oo xr 
45. a 46. 

> “, > Vn 

co (n + 1)x?"7! co (-D)"~ es i)! 
> ae a . > 
49. dS (esch n)x" 50. > (coth n)x" 

n=1 n=1 


Maclaurin Series 

Each of the series in Exercises 51—56 is the value of the Taylor series 
at x = 0 of a function f(x) at a particular point. What function and 
what point? What is the sum of the series? 


1 | 1 | all | 
51. 1 4 T 16 T ( 1) qn T 
2 4 1 8 1 n-l 2" n 
52.3 1g 7 31 + CDT 3 | 
Tw ; > ; h qrntl ; 
Sa Gy na 
WW ar ; Z qe" ; 
ME Boot Binal mie 32"(2n)! 
In 2) In 2)" 
i ene oe oe OS 
2! n! 
56. Le 
V3 9V3 «453 
f ( 1)! 1 1 


Gn = HAs) : 


Find Taylor series at x = 0 for the functions in Exercises 57-64. 


57; is 58. 3 
59. sin 7x 60. sin a 
5/3 x 
61. cos (x5/3) 62. a. 
63. e/) 64. o* 


Taylor Series 
In Exercises 65-68, find the first four nonzero terms of the Taylor 
series generated by f at x = a. 


65. f(y) = V34+x at x=-l 
66. f(x) =1/—x at 
67. f(x) = 1/@+ 1) at 


x=2 
x=3 
68. f(x) = 1/x at x=a>0 


Nonelementary Integrals 

Use series to approximate the values of the integrals in Exercises 
69-72 with an error of magnitude less than 107°. (The answer section 
gives the integrals’ values rounded to 10 decimal places.) 


1/2 
69. i) e* dx 
0 


ve tan! x wee tan! x 
71. i —— dx 72. dx 
0 7 0 Vx 


1 
70. [sin (x3) dx 
0 


Using Series to Find Limits 
In Exercises 73-78: 


a. Use power series to evaluate the limit. 


b. Then use a grapher to support your calculation. 


) ——_ 
tin 74. lim © st 
x0 e@* — ] e>0 O-— sind 
: 1 1 _ (sinh)/h — cosh 
ABs ae (; —2cost _ 5) 16; ae he 
= 2 y2 
ie 78. lim z 


z->0 Indl — z) + sinz y>0 cos y — cosh y 


Theory and Examples 
79. Use a series representation of sin 3x to find values of r and s for 
which 


[T] 80. Compare the accuracies of the approximations sinx ~ x and 


sinx ~ 6x/(6 + x”) bycomparing the graphs of f(x) = sinx — x 
and g(x) = sinx — (6x/(6 + x)). Describe what you find. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 
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Find the radius of convergence of the series 


Find a closed-form formula for the nth partial sum of the series 
vs In(1 — (1/n?)) and use it to determine the convergence or 
divergence of the series. 

Evaluate Sie — 1)) by finding the limits as n > 00 of 
the series’ nth partial sum. 


a. Find the interval of convergence of the series 


\ 1 el 1 6 4 
y 14 6* T 180* T 
L4eTerees Gn — 2) , 
+ ee 
(3n)! 


b. Show that the function defined by the series satisfies a differ- 
ential equation of the form 


ay 
ae = x“y + b 


and find the values of the constants a and b. 
a. Find the Maclaurin series for the function x?/(1 + x). 


b. Does the series converge at x = 1? Explain. 


oe) foe} . . 
If + ,,=-1d, and >,,-,5, are convergent series of nonnegative 
numbers, can anything be said about S| 4,b,? Give reasons for 
your answer. 

CO co * . . 
If },-14, and > ,-15, are divergent Series of nonnegative num- 
bers, can anything be said about »,-,a,b,? Give reasons for 
your answer. 


Prove that the sequence {x,} and the series Drei Oe — XD 
both converge or both diverge. 


Prove that ae /( + a,)) converges if a, > 0 for all n and 
ye | d, converges. 


Suppose that a), dy, a3,... 
the following conditions: 


, a, are positive numbers satisfying 


Da 2am2a,2°°°; 
ii) the series ay + ay + ag + ayo + ++: diverges. 


Show that the series 


diverges. 


Use the result in Exercise 91 to show that 
— 1 


1+ 
Sj ninn 


diverges. 
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Chapter 10, Additional and Advanced Exercises 


Determining Convergence of Series 
Which of the series \,,- 4, defined by the formulas in Exercises 1-4 
converge, and which diverge? Give reasons for your answers. 


co oo (tan! ny 


1 
> 2s a. | 


n=1(3n ral 2yrra/2) n=1 
= © log, (n! 
3; SC bh" tanh n 4. py zs ) 


n=2 n 


n=1 


Which of the series ee 1:4, defined by the formulas in Exercises 5—8 
converge, and which diverge? Give reasons for your answers. 


n(n + 1) 
(n + 2(n + 3)” 


5. a; = 1, Qn+1 = 
(Hint: Write out several terms, see which factors cancel, and then 
generalize.) 


n 


a= tern” ifn = 2 


6. a) = a) = 7, Ant = 


7. a, =a = 1, Wn+1 = Tr, ifn =2 
nN 


a, = n/3" 


ll 


8. a, = 1/3" if nis odd, if nis even 


Choosing Centers for Taylor Series 
Taylor’s formula 


W ) 
fo) = fla) + f@e@- a+ FP @- ae 4 
; f™™! a fV0) . 
or ear ay ayn 


expresses the value of f at x in terms of the values of f and its deriva- 
tives at x = a. In numerical computations, we therefore need a to be a 
point where we know the values of f and its derivatives. We also need 
a to be close enough to the values of f we are interested in to make 
(x — a)"*! so small we can neglect the remainder. 


In Exercises 9-14, what Taylor series would you choose to represent 
the function near the given value of x? (There may be more than one 
good answer.) Write out the first four nonzero terms of the series you 
choose. 


x = 6.3 
x= 1.3 


14. tan''x near x =2 


9. cosx near x= 1 10. sinx 
11. e* x= 04 


13. cosx near x = 69 


near 


near 12. Inx near 


Theory and Examples 
15. Let a and b be constants with 0 < a < b. Does the sequence 
{(a" + bry! / "\ converge? If it does converge, what is the limit? 


16. Find the sum of the infinite series 


2 3 7 2 3 7 2 


1 
10 10? «6107 «10 10°: 10:10” 
Co 
108 ~— 10° 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


Evaluate 


co n+l l 
y) 5 AX. 
n=0/n L+x 


Find all values of x for which 


s nx" 
2 (n+ DQx + I 


converges absolutely. 


a. Does the value of 
cos (a/n) 
lim {| 1 — —{,— 
noo 


appear to depend on the value of a? If so, how? 


n 
) ; aconstant, 


b. Does the value of 


lim (1 a 
n—oco 


appear to depend on the value of b? If so, how? 


cos (a/n) 


) , aand b constant, b ¥ 0, 
bn 


c. Use calculus to confirm your findings in parts (a) and (b). 


Show that if en a, converges, then 
oo f1 + sin(a,)\" 
22 


Find a value for the constant b that will make the radius of con- 
vergence of the power series 


3 brxt 
Inn 


converges. 


equal to 5. 


How do you know that the functions sin x, In x, and e* are not 
polynomials? Give reasons for your answer. 


Find the value of a for which the limit 


sin(ax) — sinx — x 
3 


im 
x>0 x 


is finite and evaluate the limit. 


Find values of a and b for which 


. cos(ax) — b 
lim ————— = 1. 
x0 2x? 
Raabe’s (or Gauss’s) Test The following test, which we state 
without proof, is an extension of the Ratio Test. 


Raabe’s Test: If ya, is a series of positive constants and 
there exist constants C, K, and N such that 


i. C, fa) 


Un+1 ni! rw , 


where | f(n)| < K forn = N, then ae u, converges if C > 1 
and diverges if C = 1. 


Show that the results of Raabe’s Test agree with what you 
co Co 
know about the series 5),,-,(1/n?) and >,,=;(1/n). 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


(Continuation of Exercise 25.) Suppose that the terms of 2 Un 
are defined recursively by the formulas 

(2n — 1) 
(2n)(2n + 1)” 


Un+) = 


u, = 1, 


Apply Raabe’s Test to determine whether the series converges. 

If id, converges, and if a, # 1 anda, > 0 forall n, 

a. Show that Se a2 converges. 

b. Does > ,a,/(1 — a,) converge? Explain. 

(Continuation of Exercise 27.) If Sa, converges, and if 

1 > a, > 0 for all n, show that Said — a,) converges. 

(Hint: First show that |In(1 — a,)| = a,/(1 — a,).) 

Nicole Oresme’s Theorem Prove Nicole Oresme’s Theorem that 
1 1 n 


14 ae: | a°3 fe lates: oe i sae 


= 4. 


(Hint: Differentiate both sides of the equation 1/(1 — x) = 
1+ >°, x") 
a. Show that 


mn + ae 2x2 


Geo ly 


for |x| > 1 by differentiating the identity 
ioe) x2 
n+l 
ZF 1% 


twice, multiplying the result by x, and then replacing x by 1 /x. 
b. Use part (a) to find the real solution greater than | of the 
equation 
a ae + =) 
Quality control 


a. Differentiate the series 


Me. Hl (ee Ce eee Sees 
l—-x 1 tix x 4 ee, aaa 


to obtain a series for 1/(1 — x)’. 


b. In one throw of two dice, the probability of getting a roll of 
7is p = 1/6. If you throw the dice repeatedly, the probability 
that a 7 will appear for the first time at the nth throw is gq” 'p, 
where g = 1 — p = 5/6. The expected number of throws 
until a 7 first appears is > ng" 'p. Find the sum of this 
series. 


c. As an engineer applying statistical control to an industrial opera- 
tion, you inspect items taken at random from the assembly line. 
You classify each sampled item as either “good” or “bad.” If the 
probability of an item’s being good is p and of an item’s being 
bad is g = 1 — p, the probability that the first bad item found is 
the nth one inspected is p"~'g. The average number inspected 
up to and including the first bad item found is oe inp" 'q. 
Evaluate this sum, assuming 0 < p < 1. 


Expected value Suppose that a random variable X may assume 
the values 1, 2,3, ..., with probabilities p,, p, p3,..., where p; 


34. 
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is the probability that X equals k (k = 1, 2,3, ...). Suppose also 
that p, = 0 and that ><, p, = 1. The expected value of X, 
denoted by E(X), is the number >;_|kp,, provided the series 
converges. In each of the following cases, show that > p, = 1 


and find E(X) if it exists. (Hint: See Exercise 31.) 
e 5k-1 
a. Pp = 2 b. Pe = BE 


i 2/1... 1 
Kk+I° k k+1 


Cc. Pe = 


. Safe and effective dosage The concentration in the blood 


resulting from a single dose of a drug normally decreases with 
time as the drug is eliminated from the body. Doses may there- 
fore need to be repeated periodically to keep the concentration 
from dropping below some particular level. One model for the 
effect of repeated doses gives the residual concentration just 
before the (n + 1)st dose as 


R, = Coe Ko + Coe” 7Kto fee Coe, 


where Co = the change in concentration achievable by a single 
dose (mg/mL), k = the elimination constant (bh), and % = time 
between doses (h). See the accompanying figure. 
Cc 
A 
C, = Cy + Coe * 


C,- 1 


Concentration (mg/mL) 


Time (h) 


a. Write R,, in closed from as a single fraction, and find 
R = lim, R,- 

b. Calculate R, and Rj) for Cp = 1 mg/mL, k = 0.1 #!, and 
f = 10h. How good an estimate of R is Ry? 


c. If k = 0.01 A! and 4 = 10h, find the smallest n such that 
R, > (1/2)R. Use Cy = 1 mg/mL. 

(Source: Prescribing Safe and Effective Dosage, B. Horelick and 

S. Koont, COMAP, Inc., Lexington, MA.) 


Time between drug doses (Continuation of Exercise 33.) If a 
drug is known to be ineffective below a concentration C, and 
harmful above some higher concentration C,, one need to find 
values of Cy and fy that will produce a concentration that is safe 
(not above C;,) but effective (not below C,). See the accompany- 
ing figure. We therefore want to find values for Cy and fj for which 


R=C, and C+ R= Cy. 


Cc 
Lo) A 
8 
a C Highest safe level 
eg Hl 
< 
g Co 
& CL | 5] 
9 | | Lowest effective level 
=| Kk— tg! 
5 I I 

l ! >t 
0 Time 
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Thus Cy = Cy — C,. When these values are substituted in the equa- 
tion for R obtained in part (a) of Exercise 33, the resulting equation 
simplifies to 


& = in 


To reach an effective level rapidly, one might administer a “loading” 
dose that would produce a concentration of Cy mg/mL. This could be 
followed every ft) hours by a dose that raises the concentration by 
Cy = Cy — Cp mg/mL. 


a. Verify the preceding equation for fp. 


Chapter 10— Technology Application Projects 


Mathematica/Maple Modules: 
Bouncing Ball 


. If k = 0.05 A! and the highest safe concentration is e 


times the lowest effective concentration, find the length of 
time between doses that will ensure safe and effective con- 
centrations. 


. Given Cy = 2mg/mL, C, = 0.5 mg/mL, and k = 0.02 71, 


determine a scheme for administering the drug. 


. Suppose that k = 0.2 A”! and that the smallest effective con- 


centration is 0.03 mg/mL. A single dose that produces a 
concentration of 0.1 mg/mL is administered. About how 
long will the drug remain effective? 


The model predicts the height of a bouncing ball, and the time until it stops bouncing. 


Taylor Polynomial Approximations of a Function 


A graphical animation shows the convergence of the Taylor polynomials to functions having derivatives of all orders over an interval in their 


domains. 


=< 


Parametric Equations 
and Polar Coordinates 


OVERVIEW In this chapter we study new ways to define curves in the plane. Instead of 
thinking of a curve as the graph of a function or equation, we consider a more general way 
of thinking of a curve as the path of a moving particle whose position is changing over 
time. Then each of the x- and y-coordinates of the particle’s position becomes a function of 
a third variable t. We can also change the way in which points in the plane themselves are 
described by using polar coordinates rather than the rectangular or Cartesian system. Both 
of these new tools are useful for describing motion, like that of planets and satellites, or 
projectiles moving in the plane or space. In addition, we review the geometric definitions 
and standard equations of parabolas, ellipses, and hyperbolas. These curves are called 
conic sections, or conics, and model the paths traveled by projectiles, planets, or any other 
object moving under the sole influence of a gravitational or electromagnetic force. 


1 1 ‘ 1 Parametrizations of Plane Curves 


Position of particle 
at time ¢ OS (f(), gO) 


FIGURE 11.1 The curve or path traced 
by a particle moving in the xy-plane is not 
always the graph of a function or single 
equation. 


In previous chapters, we have studied curves as the graphs of functions or of equations 
involving the two variables x and y. We are now going to introduce another way to describe 
a curve by expressing both coordinates as functions of a third variable t. 


Parametric Equations 


Figure 11.1 shows the path of a moving particle in the xy-plane. Notice that the path fails 
the vertical line test, so it cannot be described as the graph of a function of the variable x. 
However, we can sometimes describe the path by a pair of equations, x = f(f) and 
y = g(t), where f and g are continuous functions. When studying motion, ft usually 
denotes time. Equations like these describe more general curves than those described by a 
single function, and they provide not only the graph of the path traced out but also the 
location of the particle (x, y) = (f(A), g()) at any time f. 


DEFINITION If x and y are given as functions 


x= f(, y = g(t) 


over an interval J of t-values, then the set of points (x, y) = (f(0), g(t) defined by 
these equations is a parametric curve. The equations are parametric equations 
for the curve. 


The variable ¢ is a parameter for the curve, and its domain / is the parameter interval. 
If Jis aclosed interval, a = t < J, the point (f(a), g(q)) is the initial point of the curve and 
(f(b), g(b)) is the terminal point. When we give parametric equations and a parameter 
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_ 30 
—s 


Figure 11.3 The equations x = cost 
and y = sin ¢ describe motion on the circle 
x? + y? = 1. The arrow shows the direc- 
tion of increasing ¢ (Example 3). 


interval for a curve, we say that we have parametrized the curve. The equations and interval 
together constitute a parametrization of the curve. A given curve can be represented by dif- 
ferent sets of parametric equations. (See Exercises 19 and 20.) 


EXAMPLE 1 Sketch the curve defined by the parametric equations 


x= ?, y=tt+1, —o <tf< Ow, 


Solution We make a brief table of values (Table 11.1), plot the points (x, y), and draw a 
smooth curve through them (Figure 11.2). Each value of t gives a point (x, y) on the curve, 
such as t = | giving the point (1, 2) recorded in Table 11.1. If we think of the curve as the 
path of a moving particle, then the particle moves along the curve in the direction of the 
arrows shown in Figure 11.2. Although the time intervals in the table are equal, the con- 
secutive points plotted along the curve are not at equal arc length distances. The reason for 
this is that the particle slows down as it gets nearer to the y-axis along the lower branch of 
the curve as f¢ increases, and then speeds up after reaching the y-axis at (0, 1) and moving 
along the upper branch. Since the interval of values for ¢ is all real numbers, there is no 


initial point and no terminal point for the curve. o 
TABLE 11.1 Values of 
x= t? and y=t+ 1 for 
selected values of t. 
t x y 
=3 9 —2 
=2 4 —1 
—1 1 0 
0 0 1 
1 1 2 
2 4 3 FIGURE 11.2 The curve given by the 
3 9 4 parametric equations x = 7? andy = t+ 1 
(Example 1). 


EXAMPLE 2 Identify geometrically the curve in Example 1 (Figure 11.2) by elimi- 
nating the parameter f and obtaining an algebraic equation in x and y. 


Solution We solve the equation y = ¢ + 1 for the parameter ¢ and substitute the result 
into the parametric equation for x. This procedure gives tf = y — | and 


x=P=(y-1I=y- 24. 


The equation x = y? — 2y + 1 represents a parabola, as displayed in Figure 11.2. It is 
sometimes quite difficult, or even impossible, to eliminate the parameter from a pair of 
parametric equations, as we did here. a 


EXAMPLE 3 Graph the parametric curves 


(a) x = cost, y = sint, Osts2z. 
(b) x = acost, y =asint, Osts 2. 
Solution 


(a) Since x? + y* = cos*t + sin*t = 1, the parametric curve lies along the unit circle 
x? + y? = 1. As f increases from 0 to 27, the point (x, y) = (cost, sin?) starts at 
(1, 0) and traces the entire circle once counterclockwise (Figure 11.3). 


2 
7 = a = 
A y=x",x20 


t=4¢6(2,4) 


So 


Starts at 

t=0 

FIGURE 11.4 The equations x = Vt 
and y = ¢ and the interval t = 0 de- 
scribe the path of a particle that traces the 
right-hand half of the parabola y = x? 
(Example 4). 


>< 


0 


FIGURE 11.5 The path defined by 
x=ty =Pf,—-0co < t < ovis the entire 
parabola y = x? (Example 5). 
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(b) Forx = acost,y=asint,0 = t S 27, wehave x* + y? =a’ cos*t + a’ sin’ t = a’. 
The parametrization describes a motion that begins at the point (a, 0) and traverses 
the circle x? + y? = a* once counterclockwise, returning to (a, 0) at tf = 27. The 
graph is a circle centered at the origin with radius r = lal and coordinate points 
(a cos t, a sin f). ial} 


EXAMPLE 4 The position P(x, y) of a particle moving in the xy-plane is given by the 
equations and parameter interval 


t= Ve Yeh FEO: 


Identify the path traced by the particle and describe the motion. 


Solution We try to identify the path by eliminating t between the equations x = Vi 
and y = t, which might produce a recognizable algebraic relation between x and y. We 
find that 


yar=(ViP= x2 


Thus, the particle’s position coordinates satisfy the equation y = x’, so the particle moves 
along the parabola y = x’. 

It would be a mistake, however, to conclude that the particle’s path is the entire para- 
bola y = x’; it is only half the parabola. The particle’s x-coordinate is never negative. The 
particle starts at (0,0) when ¢ = 0 and rises into the first quadrant as ¢ increases (Figure 
11.4). The parameter interval is [ 0, Co) and there is no terminal point. a 


The graph of any function y = f(x) can always be given a natural parametrization 
x = tand y = f(t). The domain of the parameter in this case is the same as the domain of 
the function f. 


EXAMPLE 5 A parametrization of the graph of the function f(x) = x? is given by 


x =t, y=fg=P, co<t<o, 


When t = 0, this parametrization gives the same path in the xy-plane as we had in Exam- 
ple 4. However, since the parameter f here can now also be negative, we obtain the left- 
hand part of the parabola as well; that is, we have the entire parabolic curve. For this 
parametrization, there is no starting point and no terminal point (Figure 11.5). a 


Notice that a parametrization also specifies when (the value of the parameter) a parti- 
cle moving along the curve is located at a specific point along the curve. In Example 4, the 
point (2, 4) is reached when t = 4; in Example 5, it is reached “earlier” when t = 2. You 
can see the implications of this aspect of parametrizations when considering the possibil- 
ity of two objects coming into collision: they have to be at the exact same location point 
P(x, y) for some (possibly different) values of their respective parameters. We will say 
more about this aspect of parametrizations when we study motion in Chapter 13. 


EXAMPLE 6 Find a parametrization for the line through the point (a, b) having slope m. 


Solution A Cartesian equation of the line is y — b = m(x — a). If we set the parameter 
t = x — a, we find that x = a + tand y — b = mt. That is, 


x=artt, y=b+ mt, -o<t<© 


parametrizes the line. This parametrization differs from the one we would obtain by the 
natural parametrization in Example 5 when t = x. However, both parametrizations describe 
the same line. a 
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TABLE 11.2 Values of 
x=t+ (1/t)andy=t-— (1/f) 
for selected values of f. 


t 1/t x y 


0.1 10.0 10.1 —9.9 
0.2 5.0 5.2. —4.8 
0.4 2.5 29 ~-=2.1 
1.0 1.0 2.0 0.0 
2.0 0.5 2.5 15 
5.0 0.2 5.2 4.8 
10.0 0.1 10.1 9.9 


t= 10 
(10.1, 9.9) 


1 >Xx 


me —9.9) 


t=0.1 


FIGURE 11.6 The curve for 
x=t+(/),y=t—-(U/,t>0 
in Example 7. (The part shown is for 
0.1 =t = 10.) 


HISTORICAL BIOGRAPHY 
Christian Huygens 


(1629-1695) 


EXAMPLE 7 Sketch and identify the path traced by the point P(x, y) if 


1 1 
x=tts, y=t—F; t> 0. 


Solution We make a brief table of values in Table 11.2, plot the points, and draw a 
smooth curve through them, as we did in Example 1. Next we eliminate the parameter ft 
from the equations. The procedure is more complicated than in Example 2. Taking the dif- 
ference between x and y as given by the parametric equations, we find that 


vaya (r+4)- (0-1) =2 


If we add the two parametric equations, we get 


rtya(r+})+(. 1) = 


We can then eliminate the parameter ¢ by multiplying these last equations together: 


(«-y@+y) = (7) = 4, 


or, expanding the expression on the left-hand side, we obtain a standard equation for a 
hyperbola (reviewed in Section 11.6): 


r-y=4, (1) 


Thus the coordinates of all the points P(x, y) described by the parametric equations satisfy 
Equation (1). However, Equation (1) does not require that the x-coordinate be positive. So 
there are points (x,y) on the hyperbola that do not satisfy the parametric equation 
x = t+ (1/t),t > 0, for which x is always positive. That is, the parametric equations do 
not yield any points on the left branch of the hyperbola given by Equation (1), points 
where the x-coordinate would be negative. For small positive values of t, the path lies in 
the fourth quadrant and rises into the first quadrant as ¢ increases, crossing the x-axis when 
t = | (see Figure 11.6). The parameter domain is (0, 0) and there is no starting point and 
no terminal point for the path. a 


Examples 4, 5, and 6 illustrate that a given curve, or portion of it, can be represented 
by different parametrizations. In the case of Example 7, we can also represent the right- 
hand branch of the hyperbola by the parametrization 


x=V44+2, y=t, -w<t<QOM, 


which is obtained by solving Equation (1) for x = 0 and letting y be the parameter. Still 
another parametrization for the right-hand branch of the hyperbola given by Equation (1) is 


x =2sect, y = 2 tant, Se a 


This parametrization follows from the trigonometric identity sec? t — tan? t = 1, so 
x? — y? = 4sec*t — 4tan? t = 4(sec? t — tan? A) = 4. 


As truns between —7/2 and 7/2, x = sec ¢ remains positive and y = tan f runs between 
—oo and ©°, so P traverses the hyperbola’s right-hand branch. It comes in along the 
branch’s lower half as t— 0 , reaches (2, 0) at f = 0, and moves out into the first quad- 
rant as ¢ increases steadily toward 7/2. This is the same hyperbola branch for which a 
portion is shown in Figure 11.6. 


Guard 
cycloid 


Guard 
cycloid 


“2. Cycloid as 


FIGURE 11.7 In Huygens’ pendulum 
clock, the bob swings in a cycloid, so the 
frequency is independent of the amplitude. 


P(x, y) = (at + acos 6,a + asin 0) 


OK at >|M 


> X 


FIGURE 11.8 The position of P(x, y) on 
the rolling wheel at angle ¢ (Example 8). 


O 27a 


FIGURE 11.9 The cycloid curve 
x = a(t — sint), y = a(1 — cos 2), for 
t=0. 


Biamr, 2a) 


FIGURE 11.10 Turning Figure 11.9 
upside down, the y-axis points downward, 
indicating the direction of the gravitational 
force. Equations (2) still describe the curve 
parametrically. 
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Cycloids 


The problem with a pendulum clock whose bob swings in a circular arc is that the fre- 
quency of the swing depends on the amplitude of the swing. The wider the swing, the 
longer it takes the bob to return to center (its lowest position). 

This does not happen if the bob can be made to swing in a cycloid. In 1673, Christian 
Huygens designed a pendulum clock whose bob would swing in a cycloid, a curve we 
define in Example 8. He hung the bob from a fine wire constrained by guards that caused 
it to draw up as it swung away from center (Figure 11.7), and we describe the path para- 
metrically in the next example. 


EXAMPLE 8 A wheel of radius a rolls along a horizontal straight line. Find paramet- 
ric equations for the path traced by a point P on the wheel’s circumference. The path is 
called a cycloid. 


Solution We take the line to be the x-axis, mark a point P on the wheel, start the wheel 
with P at the origin, and roll the wheel to the right. As parameter, we use the angle 
through which the wheel turns, measured in radians. Figure 11.8 shows the wheel a short 
while later when its base lies at units from the origin. The wheel’s center C lies at (at, a) 
and the coordinates of P are 


x = at + acos0@, y=artasinge. 


To express 6 in terms of t, we observe that tf + @ = 37/2 in the figure, so that 


0= 3 ~ 1. 


This makes 


cos 8 = cos & ) = —sin ft, sin 8 = sin & ) =—cost. 


The equations we seek are 


x = at—asint, y=a-—acost. 


These are usually written with the a factored out: 


x = a(t — sin ft), y = al — cos 2). (2) 


Figure 11.9 shows the first arch of the cycloid and part of the next. a 


Brachistochrones and Tautochrones 


If we turn Figure 11.9 upside down, Equations (2) still apply and the resulting curve (Fig- 
ure 11.10) has two interesting physical properties. The first relates to the origin O and the 
point B at the bottom of the first arch. Among all smooth curves joining these points, the 
cycloid is the curve along which a frictionless bead, subject only to the force of gravity, 
will slide from O to B the fastest. This makes the cycloid a brachistochrone (“brah-kiss- 
toe-krone”’), or shortest-time curve for these points. The second property is that even if 
you start the bead partway down the curve toward B, it will still take the bead the same 
amount of time to reach B. This makes the cycloid a tautochrone (“‘taw-toe-krone’’), or 
same-time curve for O and B. 


658 


cycloid 

B 
FIGURE 11.11 The cycloid is the 
unique curve which minimizes the time it 


takes for a frictionless bead to slide from 
point O to B. 


y 
FIGURE 11.12 Beads released simulta- 


neously on the upside-down cycloid at O, 
A, and C will reach B at the same time. 
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Are there any other brachistochrones joining O and B, or is the cycloid the only one? 
We can formulate this as a mathematical question in the following way. At the start, the 
kinetic energy of the bead is zero, since its velocity (speed) is zero. The work done by 
gravity in moving the bead from (0, 0) to any other point (x, y) in the plane is mgy, and 
this must equal the change in kinetic energy. (See Exercise 23 in Section 6.5.) That is, 


mgy = Sm? = S(O) 


Thus, the speed of the bead when it reaches (x, y) has to be 


v= V 2gy. 

That is, 

ds ds is the arc length differ- 

aT = V2gy ential along the bead’s path 

r and T represents time. 
or 
V1 + (dy/dx) dx 
ge -Oo [ (3) 


V 2gy V 2gy 


The time 7; it takes the bead to slide along a particular path y = f(x) from O to B(at, 2a) is 


7 x=aT 1 (dy/dx)? 
T= I. (oe (4) 


What curves y = f(x), if any, minimize the value of this integral? 

At first sight, we might guess that the straight line joining O and B would give the 
shortest time, but perhaps not. There might be some advantage in having the bead fall ver- 
tically at first to build up its speed faster. With a higher speed, the bead could travel a lon- 
ger path and still reach B first. Indeed, this is the right idea. The solution, from a branch of 
mathematics known as the calculus of variations, is that the original cycloid from O to B is 
the one and only brachistochrone for O and B (Figure 11.11). 


In the next section we show how to find the arc length differential ds for a parame- 
trized curve. Once we know how to find ds, we can calculate the time given by the right- 
hand side of Equation (4) for the cycloid. This calculation gives the amount of time it takes 
a frictionless bead to slide down the cycloid to B after it is released from rest at O. The 
time turns out to be equal to 7Va/g, where a is the radius of the wheel defining the par- 
ticular cycloid. Moreover, if we start the bead at some lower point on the cycloid, corre- 
sponding to a parameter value f) > 0, we can integrate the parametric form of ds/V 2gy 
in Equation (3) over the interval [ f, 7 ] to find the time it takes the bead to reach the point 
B. That calculation results in the same time T = 7Va/g. It takes the bead the same 
amount of time to reach B no matter where it starts, which makes the cycloid a tauto- 
chrone. Beads starting simultaneously from O, A, and C in Figure 11.12, for instance, will 
all reach B at exactly the same time. This is the reason why Huygens’ pendulum clock in 
Figure 11.7 is independent of the amplitude of the swing. 


Exercises 11.1) 


Finding Cartesian from Parametric Equations 

Exercises 1-18 give parametric equations and parameter intervals for 
the motion of a particle in the xy-plane. Identify the particle’s path by 
finding a Cartesian equation for it. Graph the Cartesian equation. (The 
graphs will vary with the equation used.) Indicate the portion of the 
graph traced by the particle and the direction of motion. 


1.x =3t4 y=9P, -~<t<oo 


2x=-Vi y=t, t2=0 
3. x=2t-5, y=4t-7, wo<t<ow 
4.x*=3-3f, y=24, OsSrs1 
5. x =cos2t, y=sin2t, 0OStsa7 
6. x=cos(7—- ft), y=sin(a-f, OS tsa 
7.x=4cost, y=2sintz, O=t=27 
8 x= 4sint, y=Scost, OS tS 27 
9. x = sint, y = cos 2t, oF ng 

2 2 
10. x=1+sint, y=cost-—2, 0St=s7 
lex =P, y=—- 2, -co<t<oo 
2 x=, yo 1l<t<l 
13.x=4 y=ViI-?r, -lsrs0 
14.x=Vit+1, y= Vt, t=0 
15. x =sec?t-1, y=tant, —7/2<t< 7/2 
16. x =—sect, y=tant, —7/2<t< 7/2 
17. x =-—cosht, y = sinht, —co <f< oo 
18. x = 2sinht, y= 2cosht, —c<t<©o 


Finding Parametric Equations 

19. Find parametric equations and a parameter interval for the motion 
of a particle that starts at (a, 0) and traces the circle x7 + y? = a? 
a. once clockwise. 


b. once counterclockwise. 
c. twice clockwise. 
d. twice counterclockwise. 


(There are many ways to do these, so your answers may not be 
the same as the ones in the back of the book.) 


20. Find parametric equations and a parameter interval for the motion 
of a particle that starts at (a,0) and traces the ellipse 
(x7/a’) + (y?/b?) = 1 
a. once clockwise. b. once counterclockwise. 

c. twice clockwise. d. twice counterclockwise. 
(As in Exercise 19, there are many correct answers.) 

In Exercises 21—26, find a parametrization for the curve. 

21. the line segment with endpoints (—1, —3) and (4, 1) 

22. the line segment with endpoints (—1, 3) and (3, —2) 

23. the lower half of the parabola x — 1 = y* 

24. the left half of the parabola y = x? + 2x 


25. the ray (half line) with initial point (2, 3) that passes through the 
point (—1, —1) 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 
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the ray (half line) with initial point (— 1, 2) that passes through the 
point (0, 0) 

Find parametric equations and a parameter interval for the motion 
of a particle starting at the point (2, 0) and tracing the top half of 
the circle x7 + y? = 4 four times. 


Find parametric equations and a parameter interval for the motion 
of a particle that moves along the graph of y = x? in the follow- 
ing way: Beginning at (0, 0) it moves to (3, 9), and then travels 
back and forth from (3, 9) to (—3, 9) infinitely many times. 


Find parametric equations for the semicircle 

r+y=a, y>Od, 
using as parameter the slope t = dy/dx of the tangent to the 
curve at (x, y). 


Find parametric equations for the circle 


et+y=a, 
using as parameter the arc length s measured counterclockwise 
from the point (a, 0) to the point (x, y). 

Find a parametrization for the line segment joining points (0, 2) 
and (4,0) using the angle @ in the accompanying figure as the 
parameter. 


iat 


Find a parametrization for the curve y = Vx with terminal point 
(0, 0) using the angle 6 in the accompanying figure as the parameter. 


y 
A 
y=Vx 
ae 


Find a parametrization for the circle (x — 2)? + y* = | starting 
at (1, 0) and moving clockwise once around the circle, using the 
central angle @ in the accompanying figure as the parameter. 


> 
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34, Find a parametrization for the circle x7 + y? = | starting at (1, 0) 
and moving counterclockwise to the terminal point (0, 1), using 
the angle @ in the accompanying figure as the parameter. 


35. The witch of Maria Agnesi The bell-shaped witch of Maria 
Agnesi can be constructed in the following way. Start with a cir- 
cle of radius 1, centered at the point (0, 1), as shown in the 
accompanying figure. Choose a point A on the line y = 2 and 
connect it to the origin with a line segment. Call the point where 
the segment crosses the circle B. Let P be the point where the 
vertical line through A crosses the horizontal line through B. The 
witch is the curve traced by P as A moves along the line y = 2. 
Find parametric equations and a parameter interval for the witch 
by expressing the coordinates of P in terms of ¢, the radian mea- 
sure of the angle that segment O-A makes with the positive x-axis. 
The following equalities (which you may assume) will help. 


a. x = AQ 
c. AB-OA = (AQ)? 


b. y = 2 — ABsint 


O 


36. Hypocycloid When a circle rolls on the inside of a fixed circle, 
any point P on the circumference of the rolling circle describes a 
hypocycloid. Let the fixed circle be x7 + y* = a’, let the radius 
of the rolling circle be b, and let the initial position of the tracing 
point P be A(a, 0). Find parametric equations for the hypocy- 
cloid, using as the parameter the angle @ from the positive x-axis 
to the line joining the circles’ centers. In particular, if b = a/4, 
as in the accompanying figure, show that the hypocycloid is the 
astroid 


x = acos*@, y= asin 0. 


37. As the point N moves along the line y = a in the accompanying 
figure, P moves in such a way that OP = MN. Find parametric 
equations for the coordinates of P as functions of the angle f that 
the line ON makes with the positive y-axis. 


y 
aA 
A(0, a) 


<< 


t /) 
f. : 
38. Trochoids A wheel of radius a rolls along a horizontal straight 
line without slipping. Find parametric equations for the curve traced 
out by a point P on a spoke of the wheel b units from its center. As 


parameter, use the angle @ through which the wheel turns. The 
curve is called a trochoid, which is a cycloid when b = a. 


O 


Distance Using Parametric Equations 

39. Find the point on the parabola x = t,y = f,-0O <t< ©, 
closest to the point (2, 1/2). (Hint: Minimize the square of the 
distance as a function of t.) 


40. Find the point on the ellipse x = 2cost,y = snt,0 St = 27 
closest to the point (3/4, 0). (Hint: Minimize the square of the 
distance as a function of t.) 


GRAPHER EXPLORATIONS 
If you have a parametric equation grapher, graph the equations over 
the given intervals in Exercises 41-48. 


41. Ellipse x= 4cost, y= 2sin¢, over 
a O=t=27 
b OSt=7 
« -7/2Sts 7/2. 
42. Hyperbola branch «x = secr (enter as 1/cos(f)), y = tant 
(enter as sin (t) /cos (f)), over 


a -15 51515 
b. -0.5 = 150.5 
eG 0.1 == 0.1, 
43. Parabola x = 2t+3, y=r-1, 
44, Cycloid x=?t-—sint, y=1-— cost, over 
a O0OStS27 


b. OS t= 47 


2=t= 2 


Q 7st 37. 
45. Deltoid 
x =2cost+ cos24, y=2snt—sin2e OStS 27 


What happens if you replace 2 with —2 in the equations for x and 
y? Graph the new equations and find out. 


46. A nice curve 
x =3cost+ cos3t, y=3snt—sn3h OS tS 27 


What happens if you replace 3 with —3 in the equations for x and 
y? Graph the new equations and find out. 


47. a. Epicycloid 
x = 9cost — cos 9t, 
b. Hypocycloid 
x = 8cost + 2 cos 4t, 
c. Hypotrochoid 


x = cost + 5cos 3t, 


y = 9sint — sin 9f; 


y = 8sin¢t — 2 sin 4t; 


y = 6cost — 5 sin 3f; 
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48. a. x = 6cost + 5 cos 3t, 


Osts27 


b. x = 6cos 2t + 5 cos 6t, 
Ostsa7 


y = 6sin¢ — 5 sin 32, 
0O=t=27 
y = 6sin 2t — 5 sin 64; 
O=t=27 c. x = 6cost + 5 cos 3t, 
0O=t=20 


d. x = 6cos 2t + 5cos 6t, 
Ost=7 


y = 6sin 2t — 5 sin 34; 


y = 6sin 4t — 5 sin 64; 
0OsSts20 
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x = sect, y = tant, 


ae pee 
2 2 


FIGURE 11.13 The curve in Example 1 
is the right-hand branch of the hyperbola 
= yr = 1, 


In this section we apply calculus to parametric curves. Specifically, we find slopes, lengths, 
and areas associated with parametrized curves. 


Tangents and Areas 


A parametrized curve x = f(t) and y = g(f) is differentiable at ¢ if f and g are differen- 
tiable at ¢. At a point on a differentiable parametrized curve where y is also a differentiable 
function of x, the derivatives dy/dt, dx/dt, and dy/dx are related by the Chain Rule: 


dy _ dy dx 


dt dx dt’ 
If dx/dt # 0, we may divide both sides of this equation by dx/dt to solve for dy/dx. 


Parametric Formula for dy /dx 
If all three derivatives exist and dx/dt # 0, 


dy _ dy / dt , 
dx dx/dt’ (1) 


If parametric equations define y as a twice-differentiable function of x, we can apply 
Equation (1) to the function dy/dx = y' to calculate d*y/dx* as a function of t: 


Eq. (1) with y’ in place of y 


Parametric Formula for dy /dx? 


If the equations x = f(t), y = g(t) define y as a twice-differentiable func- 
tion of x, then at any point where dx/dt ~ 0 and y’ = dy/dx, 


d*y _ dy'/dt 


dx? dx/dt’ 


(2) 


EXAMPLE 1 


Find the tangent to the curve 


3 


x = sect, , 
2 2 


y = tant, 


at the point (V2, 1), where t = 77/4 (Figure 11.13). 
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Solution The slope of the curve at f is 


dy _dy/dt sec? sec t 


dx  dx/dt  secttant ~ fan?’ Eq. (1) 
Setting ¢ equal to 77/4 gives 
dy __ sec (77/4) 
dx t=n/4 tan (7/4) 
= we = V2. 
The tangent line is 
y-1= WORE: _ V2) 
y= VWie= 2-41 
y= V2x-1, = 


EXAMPLE 2 Find d?y/dx? as a function of t if x = t — Pandy =t— P. 


Finding d’y /dx? in Terms of t Solution 

1, Express y’ = dy/dx in terms of t. 1. Express y’ = dy/dx in terms of ¢. 

2. Find dy’ /dt. 

3. Divide dy’ /dt by dx/dt. dy dy/dt 1-32 


/ 


y= 


dx dx/dt 1-—2t 


2. Differentiate y’ with respect to t. 


Derivative Quotient Rule 


dy @ (l= 30) _ 2= ore oP 
dt dt\1—2t (1 — 21)° 
3. Divide dy'/dt by dx/dt. 


dy dy'/dt (2 — 6f + 617) /( — 20? 9 - 6t + 622 
a = = Eq. (2) ez 
dx? dx/dt 1 — 2t (1 — 29 


EXAMPLE 3 Find the area enclosed by the astroid (Figure 11.14) 


x = cos? t, y = sin’ t, 0<t<2z7. 


Solution By symmetry, the enclosed area is 4 times the area beneath the curve in the 
first quadrant where 0 = t < 7/2. We can apply the definite integral formula for area 
studied in Chapter 5, using substitution to express the curve and differential dx in terms of 
the parameter f. So, 


FIGURE 11.14 The astroid in Example 3. 


0 


FIGURE 11.15 The length of the smooth 
curve C from A to B is approximated by the 
sum of the lengths of the polygonal path 
(straight-line segments) starting at A = P, 
then to P,;, and so on, ending at B = P,. 


>< 


P= (f(t), 9) 


Pry = At_1), 81) 


0 


FIGURE 11.16 The arc P,_|P, is 
approximated by the straight-line 
segment shown here, which has length 


Ly = V(Ax? + (Ay). 
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1 
ana] y dx 
0 


1/2 
=4 il sin’t* 3 cos? ¢ sin t dt Substitution for y and dx 
0 


7/2 2 ‘ 
= 12 f (: cos 2) (! + cos 2) ae ges (: = so) 
, 2 2 2 


1/2 
= a (1 — 2cos 2t + cos? 2A)(1 + cos 2f) dt Expand squared term. 
0 


a 
3 1/2 
= a (1 — cos 2r — cos? 2t + cos? 2t) dt Multiply terms. 
0 
3 r ar/2 a/2 ar/2 
=o 7 (1 — cos 22) dt — | cos? 2t dt + | cos? 2t a| 
L Jo 0 0 


ll 
eyes) 
t 1 
i 
ie) 


= 1 : = lL A : 1 : -_ 1 eg ae Section 8.3, 
t sin 2) 5) (: + 4 sin 2) + 5) (sin 2t 3 sin 2) Pxiniples 


2 ( os 0) (3 =O 0) + +0 0-O+ 0| Evaluate. 
_ 34 
ae " 


Length of a Parametrically Defined Curve 


Let C be a curve given parametrically by the equations 
x = f(t) and y = g(0), astz<b. 


We assume the functions f and g are continuously differentiable (meaning they 
have continuous first derivatives) on the interval [a,b]. We also assume that the 
derivatives f'(t) and g’(t) are not simultaneously zero, which prevents the curve C 
from having any corners or cusps. Such a curve is called a smooth curve. We 
subdivide the path (or arc) AB into n pieces at points A = Py, P, P,...,P,=B 
(Figure 11.15). These points correspond to a partition of the interval [a,b] by 
a=h<t<bh<::: <t,=b, where PR = (f(t), g(%)). Join successive points 
of this subdivision by straight-line segments (Figure 11.15). A representative line 
segment has length 


Ly = V(Axy + (Ay? 
= Vi f@ — FG D]? + [e) — eG] 


(see Figure 11.16). If Af, is small, the length L, is approximately the length of arc P,_ ,P,. 
By the Mean Value Theorem there are numbers f° and 4°" in [ %_), & | such that 


Ax, = f) — fG-) = f'(h") Ag, 


Ay, = 8(h) — g(h—1) = 8'(h) An. 
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Assuming the path from A to B is traversed exactly once as ¢ increases from tf = a to 
t = b, with no doubling back or retracing, an approximation to the (yet to be defined) 
“length” of the curve AB is the sum of all the lengths L;: 


SL = SV (Ax)? + (Ay)? 
k=1 k=1 


dV (PUY + [aa 7? An. 


Although this last sum on the right is not exactly a Riemann sum (because f’ and g’ are 
evaluated at different points), it can be shown that its limit, as the norm of the partition 
tends to zero and the number of segments n — 09, is the definite integral 


n 


b 
> VirG)]? + [e'")]? Ag = / Vifoy + [’@P ar. 


lim 
|PI|>0 | 


Therefore, it is reasonable to define the length of the curve from A to B as this integral. 


DEFINITION If a curve C is defined parametrically by x = f(t) and y = g(), 
a=t=b, where f’ and g’ are continuous and not simultaneously zero on 
[a,b], and C is traversed exactly once as ft increases from t = a to t = b, then 
the length of C is the definite integral 


b 
=f VIF Ol? + [e’O)]? a 


A smooth curve C does not double back or reverse the direction of motion over the time 
interval [a,b] since (f’)* + (g’)? > O throughout the interval. At a point where a curve 
does start to double back on itself, either the curve fails to be differentiable or both deriva- 
tives must simultaneously equal zero. We will examine this phenomenon in Chapter 13, 
where we study tangent vectors to curves. 

If x = f(d and y = g(d), then using the Leibniz notation we have the following result 
for arc length: 


(3) 


If there are two different parametrizations for a curve C whose length we want to find, 
it does not matter which one we use. However, the parametrization we choose must meet 
the conditions stated in the definition of the length of C (see Exercise 41 for an example). 


EXAMPLE 4 Using the definition, find the length of the circle of radius r defined 
parametrically by 


x =rcost and y=rsint, OsSts 27. 


Solution As t¢ varies from 0 to 27, the circle is traversed exactly once, so the circumfer- 


ence is 
Qa 2 2 
_ dx ay 
- -/ (“) “ (3 
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We find 
as sin ¢. 2 cos f 
dt ee ae 
and 
dx 2 dy 2 _ 27.89 2 =e) 
(#)'+(4 = r(sin-t + cost) = r-. 
So 
QT 
L= VP dt = r[t]Q7 = 2ar. Oo 
0 


EXAMPLE 5 Find the length of the astroid (Figure 11.14) 


x = cos*t, y = sin?t, 0<t<2z7. 


Solution Because of the curve’s symmetry with respect to the coordinate axes, its length 
is four times the length of the first-quadrant portion. We have 


x = cos*t, y = sin?t 
dx\ 
dt 
dy\? 
dt 


dx’. (a) _ TOT RCT 
(#) +(2) = V9 cost sin?t(cos?t + sin??) 
| 


[ 3 cos*#(—sin ft) |? = 9 cos*t sin?t 


[3 sin? (cos t) }* = 9 sin*t cos*t 


= V9 cos’t sin*t 
= 3|cos t sin t| cos ¢ sin t = O for 
OStseq/2 


= 3 costrsint. 


Therefore, 


r/2 
Length of first-quadrant portion = / 3 cos f sin t dt 
0 


_ 3 moe : cost sin t = 
~ 2d sin 2t dt (1/2) sin 2t 
_ 3 1/2 _ 3 
= — 4 608 af ee 
The length of the astroid is four times this: 4(3/2) = 6. | 
ey 
EXAMPLE 6 Find the perimeter of the ellipse ~ + me 1. 
a 


Solution Parametrically, we represent the ellipse by the equations x = asin¢ and 
y = bcost,a > band0 = ¢ S 27. Then, 
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HISTORICAL BIOGRAPHY 
Gregory St. Vincent 


(1584-1667) 


dx\* 
(Z) + 


d 2 
(2) = a’ cos?t + b* sin? t 


=@ — (a — b?)sin* t 


. e 
=a’[1 — e sin’ 1] e = 1-—, not the 
2 


number 2.71828... 


From Equation (3), the perimeter is given by 
ar/2 
pa4af V1 — e’ sin? rdt. 
0 


(We investigate the meaning of e in Section 11.7.) The integral for P is nonelementary and 
known as the complete elliptic integral of the second kind. We can compute its value to 
within any degree of accuracy using infinite series in the following way. From the bino- 
mial expansion for V1 — x in Section 10.10, we have 


: 1 : 1 . 
V1 —e’sin?t = 1 —7e sin’ t — 5 get sin’ t — id lesint| Se <1 


Then to each term in this last expression we apply the integral Formula 157 (at the back of 
the book) for i, ii sin” ¢ dt when n is even, giving the perimeter 


a/2 
pada [ V1 — e* sin? t dt 
0 


= 45 —(3¢)(3-3)- (sae )(23-5) - (sae) 
Se gel Ccy eae Bama 


Since e < 1, the series on the right-hand side converges by comparison with the geomet- 
. . Co 
ric series >, (e7)”. | 


Length of a Curve y = f(x) 


The length formula in Section 6.3 is a special case of Equation (3). Given a continuously 
differentiable function y = f(x), a = x = b, we can assign x = ft as a parameter. The 
graph of the function f is then the curve C defined parametrically by 


x=t and y= fd, ast=b, 


a special case of what we considered before. Then, 


dx dy, 
an! ad 3=f'. 
From Equation (1), we have 
dy _ dy/dt_ 
dx ~~ dx /dt ~ f'®, 


giving 


2 d 2 
(a) + (Gi) = + ror 


=1+ [f'@]*. ee 


>< 


BO, 1k 


a (x, ¥) = (cos? t, sin? 1) 


>X 
0 A(1, 0) 


FIGURE 11.17 The centroid (c.m.) 
of the astroid arc in Example 7. 
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Substitution into Equation (3) gives the arc length formula for the graph of y = f(x), in 
agreement with Equation (3) in Section 6.3. 


The Arc Length Differential 


Consistent with our discussion in Section 6.3, we can define the arc length function for a 
parametrically defined curve x = f(t) and y = g(f),a = t = b, by 


s(t) -| VIP @l? > [e' OT? a 


Then, by the Fundamental Theorem of Calculus, 


&— Virol + (eoF = /(#) + (By. 


dt dt d 


The differential of arc length is 


= dx\* dy\? 
ds (“) + (2) dt. (4) 
Equation (4) is often abbreviated to 
ds = Vdx? + dy’. 


Just as in Section 6.3, we can integrate the differential ds between appropriate limits to 
find the total length of a curve. 
Here’s an example where we use the arc length formula to find the centroid of an arc. 


EXAMPLE 7 Find the centroid of the first-quadrant arc of the astroid in Example 5. 


Solution We take the curve’s density to be 6 = 1 and calculate the curve’s mass and 
moments about the coordinate axes as we did in Section 6.6. 

The distribution of mass is symmetric about the line y = x, so x = y. A typical seg- 
ment of the curve (Figure 11.17) has mass 


dx \" dy\? . From 
dm = 1|+ds = dt + cP dt = 3 costsint dt. Example 5 


The curve’s mass is 


1/2 a/2 3 
M= / dm = | 3 cos t sin t dt = e Again from Example 5 
0 0 


The curve’s moment about the x-axis is 


1/2 
m= [3 am = [ sin’ ¢ +3 cos fsin t dt 
0 


1/2 +35 ,)7/2 
=3/ sin’ tcos t dt = 3-2! =) 
; Bi 5 


It follows that 


M, 3/5 _ 2 
YM 3/2° 5° 


The centroid is the point (2/5, 2/5). Oo 
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EXAMPLE 8 Find the time T, it takes for a frictionless bead to slide along the cycloid 
x = a(t — sind), y = aU — cos?#) from t = 0 to t = 7 (see Figure 11.12). 


Solution From Equation (3) in Section 11.1, we want to find the time 


t=7 


T= ds 
© Jizo Vey 


for ds and y expressed parametrically in terms of the parameter f. For the cycloid, 
dx/dt = a(1 — cos t) and dy/dt = asin t, so 


_ dx \* dy\? 
a= (4) +(F) a 


= Va? (1 — 2cost + cos?t + sin? f) dt 
= Va? (2 — 2cos Pf) dt. 


Substituting for ds and y in the integrand, it follows that 


7 /ta(2 — 2cos t) 
T, = ——_———— dt y = a(l — cosf) 
9 V 2ga(1 — cost) 
a a 
= dt = n/t 
Li 


which is the amount of time it takes the frictionless bead to slide down the cycloid to B 
after it is released from rest at O (see Figure 11.12). @ 


Areas of Surfaces of Revolution 


In Section 6.4 we found integral formulas for the area of a surface when a curve is 
revolved about a coordinate axis. Specifically, we found that the surface area is 
S= de 2ary ds for revolution about the x-axis, and S = [ 27rx ds for revolution about the 
y-axis. If the curve is parametrized by the equations x = f(f) and y = g(t),a = t= b, 
where f and g are continuously differentiable and (f’)* + (g’)* > 0 on [a,b], then the 
arc length differential ds is given by Equation (4). This observation leads to the following 
formulas for area of surfaces of revolution for smooth parametrized curves. 


Area of Surface of Revolution for Parametrized Curves 


If a smooth curve x = f(#), y = g(t), a = t S DB, is traversed exactly once as t 
increases from a to b, then the areas of the surfaces generated by revolving the 
curve about the coordinate axes are as follows. 


1. Revolution about the x-axis (y = 0): 
b 2 2 
_ dx ay 
S -| 2ary (#) + (2) dt (5) 
2. Revolution about the y-axis (x = 0) 


b 2 dy\2 
S= | ae (#) z (4) dt (6) 


As with length, we can calculate surface area from any convenient parametrization that 
meets the stated criteria. 


Circle y EXAMPLE 9 
x = cost 
y=1+sint 


Ost=27 Y 


FIGURE 11.18 In Example 9 we cal- 
culate the area of the surface of revolution 
swept out by this parametrized curve. 


Exercises M28 


Tangents to Parametrized Curves 
In Exercises 1-14, find an equation for the line tangent to the curve at 
the point defined by the given value of t. Also, find the value of dy /dx? 
at this point. 

1. x=2cost, y=2sint, t= 7/4 

2. x = sin2at, y=cos2at, t=—1/6 

3. x=4sint, y=2cost, t= 7/4 


4. x = cost, y = V3cost, t = 27/3 
5.45. = VE tH 18 

6. x=sec?t-—1, y=tant, t=—7/4 
7.x =sect, y=tant, t= 7/6 

8 x=-Vit+1, y= V3, 1=3 
9, x=2P +3, y=r, t 1 

10. x=1/ y=-2+ Int, t=1 

ll. x=t-—sint, y=1-—cost, t= 7/3 
12. x=cost, y=1+sint, t= 7/2 
13. x 7 y 5 t=2 


14.x=r+e, y=1-eé, t=0 


Implicitly Defined Parametrizations 

Assuming that the equations in Exercises 15—20 define x and y implic- 
itly as differentiable functions x = f(t), y = g(t), find the slope of 
the curve x = f(t), y = g(t) at the given value of f. 

15. 84+ 2°? =9, 2y-3P =4, r=2 

16.x= V5—VL wWt-l=Vt t=4 

xt wWP=aPts, yWrt+1+wy=4, t=0 

18. xsint+ 2x=f, tsnt-2t=y, t=7 


x = cost, 
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The standard parametrization of the circle of radius 1 centered at the 
point (0, 1) in the xy-plane is 


y=1+ sint, 0=tS2z7. 


Use this parametrization to find the area of the surface swept out by revolving the circle 
about the x-axis (Figure 11.18). 


Solution We evaluate the formula 
b 2 2 
x = dx dy 
s= [ony (#)+(4 
27 


| 2n(1 + sin t) V(—sin 1)? + (cos t)? dt 
0 


Eq. (5) for revolution 
about the x-axis; 
y=1+sint=0 


1 


QT 
= 20 (1 + sin f) dt 
0 
27 
= an — cos (| = 4r’. a 
0 


20. t=In(x-—1, y=te’, t=0 


Area 
21. Find the area under one arch of the cycloid 


x =a(t— sint), y = a1 — cos?). 


22. Find the area enclosed by the y-axis and the curve 


Keto, ySelt en. 
23. Find the area enclosed by the ellipse 
x=acost, y=bsint, 0StS 27. 


3 


24. Find the area under y = x° over [0,1] using the following 


parametrizations. 


ax=?f, y= b x=, y=? 


Lengths of Curves 
Find the lengths of the curves in Exercises 25-30. 


25. x=cost, y=tt+sint, OStsa7 

20. x=f, y=3f/2, O<ts V3 
27. x= P/2, y = (t+ 1397/3, O=1rs4 
28. x = (r+ 37/3, y=rt+P/2, O<1s3 


29. x = 8cost + 8fsint 30. x = In(sect + tant) — sint 
y = 8sint — 8fcost, y=cost, 0OSt< 7/3 
0sts7/2 


Surface Area 
Find the areas of the surfaces generated by revolving the curves in 
Exercises 31—34 about the indicated axes. 


31. x= cost, y=2+sint, OS tS 27; x-axis 
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(2/3)8, y= Wi, O<t< V3: y-axis 
V2<ts V2; y-axis 


sint, y = cost,0 St S 7/3; x-axis 


325% 
33. x=r+ V2, y= (7/2) + V2z1, 


34. x = In(sect + tan ft) 


35. A cone frustum The line segment joining the points (0, 1) and 
(2, 2) is revolved about the x-axis to generate a frustum of a cone. 
Find the surface area of the frustum using the parametrization 
x= 2ty =t+ 1,0 =f S 1. Check your result with the geom- 
etry formula: Area = w(r, + 7)(slant height). 


36. Acone The line segment joining the origin to the point (A, r) is 
revolved about the x-axis to generate a cone of height / and base 
radius r. Find the cone’s surface area with the parametric equa- 
tions x = At, y = rt, 0 = t = 1. Check your result with the 
geometry formula: Area = zr(slant height). 


Centroids 
37. Find the coordinates of the centroid of the curve 


x=cost+tsint, y=sint—tcost, 0Sts< 7/2. 
38. Find the coordinates of the centroid of the curve 
x=ecost, y=esint, OS tS 7. 
39. Find the coordinates of the centroid of the curve 


x=cost, y=ftsint, 0StS7. 


40. Most centroid calculations for curves are done with a calculator 


or computer that has an integral evaluation program. As a case in 
point, find, to the nearest hundredth, the coordinates of the cen- 
troid of the curve 


rah, y=3F/), 02712 V3. 


Theory and Examples 

41. Length is independent of parametrization To illustrate the 
fact that the numbers we get for length do not depend on the way we 
parametrize our curves (except for the mild restrictions preventing 
doubling back mentioned earlier), calculate the length of the semi- 
circle y = V1 — x? with these two different parametrizations: 


a. x=cos2t, y=sin2, 0S ts 7/2. 
b. x 
42. a. Show that the Cartesian formula 


d 2 
_ fi fy (a 
u= | + (4) ” 


for the length of the curve x = g(y), c = y = d (Section 6.3, 
Equation 4), is a special case of the parametric length formula 


b 2 2 
Z dx o 
E -| (“) us (3 


Use this result to find the length of each curve. 
b x=y?, 0<y< 4/3 


sinat, y=cosmt, —1/2 t= 1/2. 


c. x= Sy" Osysl 
43. The curve with parametric equations 
x = (1+ 2sin@)cosé, y = (1 + 2sin@) sind 


is called a limacon and is shown in the accompanying figure. Find 
the points (x, y) and the slopes of the tangent lines at these points for 


a. 0=0. b.0=7/2. & 6 = 41/3. 


>< 


= 1 
44, The curve with parametric equations 
x=t, y=1-cost, O=t=27 


is called a sinusoid and is shown in the accompanying figure. 
Find the point (x, y) where the slope of the tangent line is 


a. largest. b. smallest. 


MS 


>X 


T| The curves in Exercises 45 and 46 are called Bowditch curves or 


Lissajous figures. In each case, find the point in the interior of the 
first quadrant where the tangent to the curve is horizontal, and 
find the equations of the two tangents at the origin. 


45. 46. 
7 x = sint , x = sin 2t 
y =sin2t i y =sin3t 
! ! 536 
oe -1 1 
-1 
47. Cycloid 


a. Find the length of one arch of the cycloid 
x =a(t— sint), y = a(l — cosd). 
b. Find the area of the surface generated by revolving one arch of 
the cycloid in part (a) about the x-axis for a = 1. 
48. Volume Find the volume swept out by revolving the region 
bounded by the x-axis and one arch of the cycloid 
x=ft-—sint, y=1-cost 


about the x-axis. 


COMPUTER EXPLORATIONS 
In Exercises 49-52, use a CAS to perform the following steps for the 
given curve over the closed interval. 
a. Plot the curve together with the polygonal path approximations for 
n = 2,4, 8 partition points over the interval. (See Figure 11.15.) 
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b. Find the corresponding approximation to the length of the curve 49. x= 1p ‘es lio Gane i 
by summing the lengths of the line segments. 3 : Z 
c. Evaluate the length of the curve using an integral. Compare your 50. x = 28-162 + 25r+5, y=P+t—-3, O=t=6 


approximations for n = 2,4, 8 with the actual length given by 


the integral. How does the actual length compare with the approx- 
imations as n increases? Explain your answer. 52. 


if 1 OO Polar Coordinates 


P(r, 0) 


Origin (pole) 


O 


x 


— > 
Initial ray 


FIGURE 11.19 To define polar 
coordinates for the plane, we start with an 
origin, called the pole, and an initial ray. 


>x 
Initial ray 
0=0 


FIGURE 11.20 Polar coordinates are 
not unique. 


FIGURE 11.21 Polar coordinates can 
have negative r-values. 


51. x=t-—cost, y=1lt+sint, -7wStsa7 


x=ecost, y=esint, OSts7 


In this section we study polar coordinates and their relation to Cartesian coordinates. You 
will see that polar coordinates are very useful for calculating many multiple integrals stud- 
ied in Chapter 15. They are also useful in describing the paths of planets and satellites. 


Definition of Polar Coordinates 


To define polar coordinates, we first fix an origin O (called the pole) and an initial ray 
from O (Figure 11.19). Usually the positive x-axis is chosen as the initial ray. Then each 
point P can be located by assigning to it a polar coordinate pair (r, 0) in which r gives 
the directed distance from O to P and @ gives the directed angle from the initial ray to ray 
OP. So we label the point P as 


Pr, 0) 


Ss 


Directed angle from 
initial ray to OP 


Directed distance 
from O to P 


As in trigonometry, 6 is positive when measured counterclockwise and negative when 
measured clockwise. The angle associated with a given point is not unique. While a point 
in the plane has just one pair of Cartesian coordinates, it has infinitely many pairs of polar 
coordinates. For instance, the point 2 units from the origin along the ray 6 = 7/6 has 
polar coordinates r = 2, 0 = 7/6. It also has coordinates r = 2,0 = —117/6 (Figure 
11.20). In some situations we allow r to be negative. That is why we use directed distance 
in defining P(r, 0). The point P(2, 77/6) can be reached by turning 77/6 radians coun- 
terclockwise from the initial ray and going forward 2 units (Figure 11.21). It can also be 
reached by turning 7/6 radians counterclockwise from the initial ray and going backward 
2 units. So the point also has polar coordinates r = —2, 0 = 7/6. 


EXAMPLE 1 Find all the polar coordinates of the point P(2, 7/6). 


Solution We sketch the initial ray of the coordinate system, draw the ray from the ori- 
gin that makes an angle of 7/6 radians with the initial ray, and mark the point (2, 77/6) 
(Figure 11.22). We then find the angles for the other coordinate pairs of P in which r = 2 
and r = —2. 

For r = 2, the complete list of angles is 


T T 7 
De + + 
6’ 6 = 27, 6 _ Aq, as 67,.... 


o, 
6 
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= >X 
Initial ray 


57/6 


FIGURE 11.22 The point P(2, 77/6) 
has infinitely many polar coordinate pairs 
(Example 1). 


FIGURE 11.23 The polar equation for a 


circle is r = a. 


(a) 


(b) 


(c) 


FIGURE 11.24 The graphs of typical 
inequalities in r and 6 (Example 3). 
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For r = —2, the angles are 
Sa Sa 7 Sa 
ae aoe a = Lt ae 28 SG 
6’ 6 mie 6 7 a 6 Om; 


The corresponding coordinate pairs of P are 


(2.7 + 2m), n=0, +1, +2,... 


and 
Sa 
—2,—"— + 2nz |, n= 0,21 Soyisn 


When n = 0, the formulas give (2, 7/6) and (—2,—57/6). When n = 1, they give 
(2, 1377/6) and (—2, 77/6), and so on. | 


Polar Equations and Graphs 


If we hold r fixed at a constant value r = a # 0, the point P(r, 6) will lie |a| units from 
the origin O. As @ varies over any interval of length 277, P then traces a circle of radius 
|a| centered at O (Figure 11.23). 

If we hold 6 fixed at a constant value 0 = 6) and let r vary between —°o and ov, the 
point P(r, @) traces the line through O that makes an angle of measure 6) with the initial 
ray. (See Figure 11.21 for an example.) 


EXAMPLE 2 
(a) r = | andr = —1 are equations for the circle of radius | centered at O. 
(b) 6 = 7/6, 0 = 77/6, and 6 = —5z7r/6 are equations for the line in Figure 11.22. 


A circle or line can have more than one polar equation. 


Equations of the form r = a and @ = 6, can be combined to define regions, seg- 
ments, and rays. 


EXAMPLE 3 


conditions. 


Graph the sets of points whose polar coordinates satisfy the following 


(a) lsrs2 and a 


as 
2 
(b) -3 =r 


IA 
~) 


and d= 


i 
| 


(c) az. =0 (no restriction on r) 


Solution The graphs are shown in Figure 11.24. | 


Relating Polar and Cartesian Coordinates 


When we use both polar and Cartesian coordinates in a plane, we place the two origins 
together and take the initial polar ray as the positive x-axis. The ray @ = 7/2,r > 0, 


FIGURE 11.25 The usual way to relate 
polar and Cartesian coordinates. 


y 

* x2 + (y- 3)? =9 
or 

r=6sin0@ 


>X 


FIGURE 11.26 The circle in Example 5. 
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becomes the positive y-axis (Figure 11.25). The two coordinate systems are then related 
by the following equations. 


Equations Relating Polar and Cartesian Coordinates 


: v 
x=rcosé, y=rsin6, rP=xvt y’, tan@ = % 


The first two of these equations uniquely determine the Cartesian coordinates x and y 
given the polar coordinates r and @. On the other hand, if x and y are given, the third 
equation gives two possible choices for r (a positive and a negative value). For each 
(x, y) ~ (0, 0), there is a unique 6 € [ 0, 27r) satisfying the first two equations, each then 
giving a polar coordinate representation of the Cartesian point (x, y). The other polar coor- 
dinate representations for the point can be determined from these two, as in Example 1. 


EXAMPLE 4 Here are some plane curves expressed in terms of both polar coordinate 
and Cartesian coordinate equations. 


Polar equation Cartesian equivalent 
rcos@ = 2 x=2 
r’ cos @sin@ = 4 xy=4 
r? cos’?6 — r* sin’*@ = 1 ea aa 
r= 1+ 2rcos@ y? — 3x7 — 4x — 1 = 0 
r=1-cos@ xt + yt + 2x*y? + 2x3 + Qn’? - y? = 0 
Some curves are more simply expressed with polar coordinates; others are not. Oo 


EXAMPLE 5 Find a polar equation for the circle x? + (y — 3)? = 9 (Figure 11.26). 
Solution We apply the equations relating polar and Cartesian coordinates: 
r+ (y-3r =9 
r+y-b6by+9=9 Expand (y — 3)’. 


r+ y—- by =0 Cancelation 


r? — 6rsinéd = 0 C+ y=, y= rsind 
r=0 or r-—6sin@d=0 
r= 6sin0 Includes both possibilities a 


EXAMPLE 6 Replace the following polar equations by equivalent Cartesian equa- 
tions and identify their graphs. 


(a) rcos@ = —4 
(b) r? = 4rcos@ 


4 
(©) "~~ 2 cos 0 — sind 


Solution We use the substitutions r cos 6 = x, rsin@ = y, andr? = x? + y’. 
(a) rcos@ = —4 
The Cartesian equation: rcos@ = —4 
x=—4 Substitution 


The graph: Vertical line through x = —4 on the x-axis 
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(b) r? = 4rcos 0 


The Cartesian equation: r? = 4r cos 0 
x? + y? = 4x Substitution 
P-—4y+ y= 
x27 — 4x +44 y? =4 Completing the square 
(x — 2° + y? =4 Factoring 


The graph: Circle, radius 2, center (h, k) = (2, 0) 


© r=; 
2 cos @ — sind 
The Cartesian equation: r(2 cos 8 — sin 0) = 4 
2rcos@—rsing = 4 Multiplying by r 
2x -y=4 Substitution 
y=2x-4 Solve for y. 
The graph: Line, slope m = 2, y-intercept b = —4 a 
Polar Coordinates e. (—3, 57/6) f. (5,tan™'(4/3)) 
1. Which polar coordinate pairs label the same point? g. (-1, 77) h. (2V3, Qa / 3) 
a. (3,0 b. (—3,0 ce. (2, 27/3 . : 
oe) ( ) elas Cartesian to Polar Coordinates 
d. (2, 77/3) e. (—3, 7) f. (2, 7/3) 7. Find the polar coordinates, 0 = 6 < 27 and r = 0, of the fol- 
eS os lowing points given in Cartesian coordinates. 
2. Which polar coordinate pairs label the same point? = ae Pea) 
a. (—2, 7/3) b. (2,—1/3) c. (7,9) e. (V3.1) iia) 
8. Find the polar coordinates, -7 = 0 < aw and r = 0, of the fol- 
d. (7,0 + 77) e. (-r, 8) f. (2, —27/3) lowing points given in Cartesian coordinates. 
8.67, 0 +m) h. (—2, 27/3) as (C2;—2) b. (0, 3) 
3. Plot the following points (given in polar coordinates). Then find G (- V3, 1) d. (5,—12) 
all the polar coordinates of each point. 9. Find the polar coordinates, 0 = 0 < 27 and r = 0, of the fol- 
a. (2, 7/2) b. (2, 0) lowing points given in Cartesian coordinates. 
ce. (2, 7/2) d. (—2, 0) a. (G3, 3) b. 1,9) 
4. Plot the following points (given in polar coordinates). Then find C. ‘; 1, V3) d. (4,—3) 
all the polar coordinates of each point. 10. Find the polar coordinates, —7 = @ < 27 andr = 0, of the fol- 
a. (3, 7/4) b. (-3, 7/4) lowing points given in Cartesian coordinates. 
a. (—2,0 b. (1,0 
c. (3,—7/4) d. (—3,—7/4) c ) oe 
V3 1 
Polar to Cartesian Coordinates c. (0,—3) d. “9°92 


5. Find the Cartesi dinates of th ints in E ise 1. ‘ ‘ : 
Pee isis ieee inc Sued par Graphing Sets of Polar Coordinate Points 


Graph the sets of points whose polar coordinates satisfy the equations 
and inequalities in Exercises 11-26. 
a. (V2, 7/4) b. (1, 0) i. r= 2 12. 0 


ce. (0, 7/2) d. (—V2, 7/4) 13. r=1 14. 1 


6. Find the Cartesian coordinates of the following points (given in 
polar coordinates). 


IA 
a 


IA 
= 
| 


15.0=0=7/6, r=0 16. 6 = 27/3, r=-2 
17. 0=7/3, -lsrs3 18. 0 = 1177/4, r=-1 
19. 9=7/2, r=0 20. 0 = 7/2, r=0 
21.0057, r=1 22,0507, r=-l 
23. 7/450 = 37/4, OS rel 

24. -7/4508 7/4, -l srl 

25. -7/2SO0S5 7/2, 1=rs2 
26.0<60<7/2, 1S |r| $2 


Polar to Cartesian Equations 
Replace the polar equations in Exercises 27—52 with equivalent Carte- 
sian equations. Then describe or identify the graph. 


27. rcos@ = 2 28. rsin@ = —1 

29. rsin@ = 0 30. rcosé = 0 

31. r = 4csc6 32. r = —3 sec 0 

33. rcosé + rsin@ = 1 34. rsin@ = rcosé 

35. r= 1 36. r? = 4rsin 6 

37. a 38. r? sin 20 = 2 

sin @ — 2 cos 0 
39. r = cot é csc 0 40. r = 4tan@ sec 6 
41. r = csc 0 es? 42. rsin@ = Inr + Incos@ 
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43. 
45. 
47. 
49. 


51. 
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r? + 2r? cos Osin@ = 1 44. cos?@ = sin’0 

r? = —4r cos 0 46. r> = —6rsin@ 

r= 8siné 48. r = 3 cos 0 

r= 2cos@ + 2sin@ 50. r = 2cos 6 — sin@ 


rsin(o +2) =2 52. rsin (27-0) = 5 


Cartesian to Polar Equations 
Replace the Cartesian equations in Exercises 53-66 with equivalent 
polar equations. 


53. x =7 54. y= 1 55. x =y 
56. x —y =3 57. xr +y=4 58. x2 -—y=1 
so, yh Hy 60. xy = 2 

9° 4 
61. y? = 4x 62. xr +xyt+y=1 
63. xr +(y- 27 = 64. (x — 52 + y? = 25 
65. («-32 +t 12 =4 66 (x +22 + - 52 = 16 


. Find all polar coordinates of the origin. 


. Vertical and horizontal lines 


a. Show that every vertical line in the xy-plane has a polar equa- 
tion of the form r = asec 0. 


b. Find the analogous polar equation for horizontal lines in the 
xy-plane. 


It is often helpful to graph an equation expressed in polar coordinates in the Cartesian xy- 
plane. This section describes some techniques for graphing these equations using symme- 


tries and tangents to the graph. 


Symmetry 


Figure 11.27 illustrates the standard polar coordinate tests for symmetry. The following 
summary says how the symmetric points are related. 


Symmetry Tests for Polar Graphs in the Cartesian xy-Plane 

1. Symmetry about the x-axis: If the point (r, #) lies on the graph, then the point 
(r, —9) or (-r, 7 — 6) lies on the graph (Figure 11.27a). 

2. Symmetry about the y-axis: If the point (7, @) lies on the graph, then the point 
(r, 7 — @) or (—r, —6) lies on the graph (Figure 11.27b). 

3. Symmetry about the origin: If the point (r, 0) lies on the graph, then the point 
(—r, 0) or (r, 8 + 77) lies on the graph (Figure 11.27c). 
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(r, —8) 
ora — 8) 


(a) About the x-axis 


(r, 7 — 0) y 
or(=7, =8) (r, 0) 


(b) About the y-axis 


A 


(r, 0) 


>X 


(—r, 9) or (7, 6 + 7) 
(c) About the origin 


FIGURE 11.27 Three tests for 
symmetry in polar coordinates. 


Slope 


The slope of a polar curve r = f(0) in the xy-plane is still given by dy/dx, which is not 
r' = df /d0. To see why, think of the graph of f as the graph of the parametric equations 


x = rcos@ = f(0) cos 0, y =rsin@ = f(@) sin #@. 


If f is a differentiable function of 6, then so are x and y and, when dx/d@ # 0, we can 
calculate dy /dx from the parametric formula 


dy _ dy/d0 Section 11.2, Eq. (1) 
dx dx/d0 with tf = 0 


© (f(8): sin 6) 


© (f(8)+ cos 6) 


6+ f@ 0 
76 2 f(9) cos 


= if Product Rule for derivatives 


d ; 
76 cos 6 — f(@) sin @ 


Therefore we see that dy/dx is not the same as df /d0. 


Slope of the Curve r = f(@) in the Cartesian xy-Plane 


dy f'(@) sin @ + f(0) cos 6 
dx\ (9 (8) cos @ — f(9) sin 0 


provided dx/d0 # 0 at (r, 0). 


If the curve r = f(@) passes through the origin at 0 = 6, then f(@)) = 0, and the slope 
equation gives 


dy f' (9) sin 8 F 
Ax\og, Ff "(A) cos Oo 


an 0. 


If the graph of r = f(@) passes through the origin at the value 0 = 6, the slope of the 
curve there is tan 6). The reason we say “slope at (0, 09)” and not just “slope at the origin” 
is that a polar curve may pass through the origin (or any point) more than once, with dif- 
ferent slopes at different 0-values. This is not the case in our first example, however. 


EXAMPLE 1 Graph the curve r = 1 — cos @ in the Cartesian xy-plane. 


Solution The curve is symmetric about the x-axis because 
(r, 8) on the graph = r = | — cos @ 
= r= 1-cos(-@) cos @ = cos (-8) 


=> (r, —9) on the graph. 


(77, 2) 


(77, 2) 


r= 1 -—- cos0 


A w/YP iy wy o|s 


Nie oO 


_ 


r=1-—cos@ 


(c) 


FIGURE 11.28 The steps in graphing the 
cardioid r = 1 — cos @ (Example 1). The 


arrow shows the direction of increasing 6. 
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As @ increases from 0 to 7, cos 6 decreases from | to —1, and r = 1 — cos @ increases 
from a minimum value of 0 to a maximum value of 2. As @ continues on from 7 to 
27r, cos @ increases from —1 back to 1 and r decreases from 2 back to 0. The curve starts 
to repeat when 6 = 27 because the cosine has period 27. 

The curve leaves the origin with slope tan (0) = 0 and returns to the origin with slope 
tan (277) = 0. 

We make a table of values from @ = 0 to 6 = 7, plot the points, draw a smooth curve 
through them with a horizontal tangent at the origin, and reflect the curve across the x-axis 
to complete the graph (Figure 11.28). The curve is called a cardioid because of its heart 
shape. Oo 


EXAMPLE 2 


Graph the curve r? = 4 cos 6 in the Cartesian xy-plane. 


Solution The equation r? = 4 cos 6 requires cos 0 = 0, so we get the entire graph by 
running 0 from —7/2 to 7/2. The curve is symmetric about the x-axis because 


(r, 0) on the graph = r? = 4cos 0 
=> 1? = 4cos (-8) 


= (r,—8) on the graph. 


cos 6 = cos (—@) 


The curve is also symmetric about the origin because 


(r, 6) on the graph = r? = 4cos 6 
= (-r)? = 4cos 0 
= (—r, 0) on the graph. 


Together, these two symmetries imply symmetry about the y-axis. 

The curve passes through the origin when 6 = —7/2 and 6 = 77/2. It has a vertical 
tangent both times because tan 6 is infinite. 

For each value of @ in the interval between —7/2 and 7/2, the formula r? = 4 cos 0 
gives two values of r: 


r= £2Vcos 8. 


We make a short table of values, plot the corresponding points, and use information 
about symmetry and tangents to guide us in connecting the points with a smooth curve 
(Figure 11.29). 


0 |\cos@\r = +2V cos 0 aa 
r- = 4cos 0 
0) 1 aD 
+2 V3 = +19 
6; 2 2 2 “2 
0 

42) 1 =+17 
|) 972 
de : ~t14 ” 7 

2 Loop for r = —2\/cos 6, Loop for r = 2\/ cos 6, 
+7) 9 0 tage ee: 
~2 a) Qo 3D 


(a) (b) 


FIGURE 11.29 The graph of r? = 4 cos @. The arrows show the direction of increas- 
ing 6. The values of r in the table are rounded (Example 2). 
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Converting a Graph from the ré- to xy-Plane 


One way to graph a polar equation r = f(@) in the xy-plane is to make a table of 
(r, 8)-values, plot the corresponding points there, and connect them in order of increasing 
6. This can work well if enough points have been plotted to reveal all the loops and dim- 
ples in the graph. Another method of graphing is to 


1. first graph the function r = f(6) in the Cartesian r6-plane, 


2. then use that Cartesian graph as a “table” and guide to sketch the polar coordinate 
graph in the xy-plane. 


| No square roots of 


feSseve mer This method is sometimes better than simple point plotting because the first Cartesian 


(b) + graph, even when hastily drawn, shows at a glance where r is positive, negative, and non- 
7 existent, as well as where r is increasing and decreasing. Here’s an example. 


i + parts from 


square roots EXAMPLE 3 Graph the lemniscate curve r? = 


sin 26 in the Cartesian xy-plane. 


Solution Here we begin by plotting r? (not r) as a function of @ in the Cartesian 
r?0-plane. See Figure 11.30a. We pass from there to the graph of r = + Vsin 26 in the 
r@-plane (Figure 11.30b), and then draw the polar graph (Figure 11.30c). The graph in 
Figure 11.30b “covers” the final polar graph in Figure 11.30c twice. We could have man- 
aged with either loop alone, with the two upper halves, or with the two lower halves. The 
double covering does no harm, however, and we actually learn a little more about the 
behavior of the function this way. a 


USING TECHNOLOGY Graphing Polar Curves Parametrically 

For complicated polar curves we may need to use a graphing calculator or computer to 
graph the curve. If the device does not plot polar graphs directly, we can convert r = f(0) 
into parametric form using the equations 


FIGURE 11.30 To plot r = f(@) in 
the Cartesian r@-plane in (b), we first 


2 es ‘ 29_ : 
a eee x= rcos0 = f(@)cos6, y =rsind = f() sind. 
and then ignore the values of 6 for which 


plot r 


cen ey Se Edaye. The aa ome tie Then we use the device to draw a parametrized curve in the Cartesian xy-plane. It may be 


necessary to use the parameter ¢ rather than 6 for the graphing device. 


sketch in (b) cover the polar graph of the 
lemniscate in (c) twice (Example 3). 


Exercises 11.4 


Symmetries and Polar Graphs Graph the lemniscates in Exercises 13-16. What symmetries do these 
Identify the symmetries of the curves in Exercises 1-12. Then sketch curves have? 
the curves in the xy-plane. 13. 1? = 4cos 20 14. 7° = 4sin 20 

1. r= 1+ cosé 2. r=2—2cosé 15. r? = —sin 20 16. r? = —cos 20 

3. r= 1-— sind 4.r=1+ sind Slopes of Polar Curves in the xy-Plane 

; ; Find the slopes of the curves in Exercises 17—20 at the given points. 
5. r= 2+ sind 6. r= 1+ 2sind Sketch the curves along with their tangents at these points. 
7. r= sin(6/2) 8. r = cos(6/2) 17. Cardioid r=—1 + cos6; 0 = +7/2 


18. Cardioid r=—1+ sind; 0=0,7 
19. Four-leaved rose r= sin20; 0 = +77/4, +37/4 
11. r? = —sin 6 12. r? = —cos 0 20. Four-leaved rose r= cos 20; 0 = 0, t7/2,7 


9. r? = cos0 10. r? = sind 
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Graphing Limagons 30. Which of the following has the same graph as r = cos 20? 
Graph the limagons in Exercises 21-24. Limacon (‘‘/ee-ma-sahn’’) is a. r= —sin (20 + 7/2) b. r = —cos (8/2) 
Old French for “snail.” You will understand the name when you graph 
the limacons in Exercise 21. Equations for limagons have the form 
r=az+ bcos@orr=a + bsin@. There are four basic shapes. 31 


Confirm your answer with algebra. 
. Arose within arose Graph the equation r = 1 — 2 sin 30. 


21. Limacons with an inner loop 32. The nephroid of Freeth Graph the nephroid of Freeth: 


a. r= 5+ cos b. r= 5+ sind r= 14 2sin$. 
Fae Sols 33. Roses Graph the roses r = cos m@ for m = 1/3, 2, 3, and 7. 
ep eae ne 34. Spirals Polar coordinates are just the thing for defining spirals. 
23. Dimpled limagons Graph the following spirals. 
a. r= 5 + cos b. r= 3 — sind a r= 0 
24. Oval limacons Det 8 
a. oe ie eee ae c. A logarithmic spiral: r = e8/'° 


d. A hyperbolic spiral: r = 8/0 


Graphing Polar Regions and Curves in the xy-Plane é Ahequtlaieral eerbolni 4g = 10/Vo 


25. Sketch the region defined by the inequalities -1 = r = 2 and 


7/2505 7/2. (Use different colors for the two branches.) 

26. Sketch the region defined by the inequalities 0 = r = 2 sec 0 35. Graph the equation r = sin ($ 0) for0 = 0 = 147. 
and 7/4 = 6 = 7/4. 36. Graph the equation 

In Exercises 27 and 28, sketch the region defined by the inequality. 5 4 

r = sin* (2.30) + cos" (2.30) 
27. 0<rs2-2cos0 28. 0 Sr? S cosd 
29. Which of the following has the same graph as r = 1 — cos 6? for0 = 6 = 107. 

a. r=—I1-—cosé b. r= 1+ cos 


Confirm your answer with algebra. 


1 1 5 Areas and Lengths in Polar Coordinates 


This section shows how to calculate areas of plane regions and lengths of curves in polar 
coordinates. The defining ideas are the same as before, but the formulas are different in 
polar versus Cartesian coordinates. 


Area in the Plane 


The region OTS in Figure 11.31 is bounded by the rays 6 = a and @ = # and the curve 
r = f(@). We approximate the region with n nonoverlapping fan-shaped circular sec- 
tors based on a partition P of angle TOS. The typical sector has radius x = f(0,) and 
central angle of radian measure A@,. Its area is A@,/27 times the area of a circle of 
radius %, or 


1 1 
Ay = 51° AO, = 5 (6)? AG. 


FIGURE 11.31 To derive a formula for Th f region OTS i ee 
the area of region OTS, we approximate cee ee eee eae ate: 


the region with fan-shaped circular sectors. i 


DA = D7 (M0) 40 


k=1 


If f is continuous, we expect the approximations to improve as the norm of the parti- 
tion P goes to zero, where the norm of P is the largest value of A@,. We are then led to the 
following formula defining the region’s area: 
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P(r, 6) 


>X 


FIGURE 11.32. The area differential dA 
for the curve r = f(@). 


y 
» r = 2(1 + cos 6) 
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n 


A= lim > 5 (£)? Ao, 


Plo 4 


‘i 
-/ 5 (f(0))? a0. 


Area of the Fan-Shaped Region Between the Origin and the Curve r = f(0), 


ax=0=f8 
Py 
= Zag 
A [ jew 


This is the integral of the area differential (Figure 11.32) 


dA = Sr? do = 5 (f(0))2a9. 


EXAMPLE 1 
r = 2(1 + cos 8). 


Find the area of the region in the xy-plane enclosed by the cardioid 


Solution We graph the cardioid (Figure 11.33) and determine that the radius OP sweeps 


FIGURE 11.33 The cardioid in Example 1. Out the region exactly once as @ runs from 0 to 27. The area is therefore 


0 


FIGURE 11.34 The area of the shaded 
region is calculated by subtracting the area 
of the region between 7, and the origin 
from the area of the region between 7, and 
the origin. 


y Upper limit 
* @=7/2 


n= 1 


¥ 


> X 


>» Lower limit 
0= —a/2 


FIGURE 11.35 The region and limits of 
integration in Example 2. 


0=27 Qa 
ij Sr? do = / 4 + cos 6)? dé 
0=0 0 


2ar 
-/ 2(1 + 2.cos 6 + cos?) dé 
0 


21 
-/ (2+ deosa + 2-14 20828) ag 
0 


2 
2ar 
= (3 + 4cos 4 + cos 20) dé 
0 
sin 26 |?” 
= |30 + 4sino + fa = 67 — 0 = 67. |_| 
0 


To find the area of a region like the one in Figure 11.34, which lies between two polar 
curves 7, = 7(0) and ~m = 7,(@) from 6 = a to 0 = B, we subtract the integral of 
(1/2)r,? d0 from the integral of (1/2)? d0. This leads to the following formula. 


Area of the Region 0 = 7,(0) Sr=7r,(0),as05 86 
B B B 
1 13.5% 1 
al ae [ prea = f 2 (nt 


EXAMPLE 2 Find the area of the region that lies inside the circle r = 1 and outside 
the cardioid r = 1 — cos 0. 


Solution We sketch the region to determine its boundaries and find the limits of integra- 
tion (Figure 11.35). The outer curve is ~ = 1, the inner curve is r, = 1 — cos 6, and 0 
runs from —7/2 to 77/2. The area, from Equation (1), is 


>< 


r=1-—cos@ 
P(r, 0) 


AP ay 


>X 


FIGURE 11.36 Calculating the length 


of a cardioid (Example 3). 
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r/2 
1 
= 2f 5) (17:2 r,) do Symmetry 
r/2 
= / (1 — (1 — 2cos @ + cos*@)) dO Square 7. 
0 


r/2 /2 
~ / (2 cos 0 — cos*6) d0 = i (2 cos @ — tt 0028) do 
0 0 


6 sin20|7? _ 
2 


a : vu 
= |2sino 4 4° a 


0 
The fact that we can represent a point in different ways in polar coordinates requires extra 
care in deciding when a point lies on the graph of a polar equation and in determining the 
points in which polar graphs intersect. (We needed intersection points in Example 2.) In 
Cartesian coordinates, we can always find the points where two curves cross by solving 
their equations simultaneously. In polar coordinates, the story is different. Simultaneous 
solution may reveal some intersection points without revealing others, so it is sometimes 
difficult to find all points of intersection of two polar curves. One way to identify all the 
points of intersection is to graph the equations. 


Length of a Polar Curve 


We can obtain a polar coordinate formula for the length of a curve r = f(0),a = 6 = B, 
by parametrizing the curve as 


x = rcos@ = f(0) cos 0, y=rsin@ = f(@) sin @, a=d=B. (2) 


The parametric length formula, Equation (3) from Section 11.2, then gives the length as 


This equation becomes 


B dr\? 
= 2 ar 
Lf e+ (4) ao 


when Equations (2) are substituted for x and y (Exercise 29). 


Length of a Polar Curve 


If r = f(@) has a continuous first derivative for a = 0 = B and if the point 
P(r, @) traces the curve r = f(@) exactly once as @ runs from a@ to B, then the 


length of the curve is 
B 2 
dr 
= 2 — 
| Te (4) dé. (3) 


EXAMPLE 3 Find the length of the cardioid r = 1 — cos 0. 


Solution We sketch the cardioid to determine the limits of integration (Figure 11.36). 
The point P(r, 0) traces the curve once, counterclockwise as @ runs from 0 to 277, so these 
are the values we take for a and B. 
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With 


we have 


and 


Exercises 11.5 | 


Finding Polar Areas 
Find the areas of the regions in Exercises 1-8. 


1. Bounded by the spiral r = 0 forO = 9 = 7 


>< 


>X 


(a, 77) 0 


2. Bounded by the circle r = 2 sin @ for 7/4 = 6 = 7/2 


y 


r=2sin0 


3. Inside the oval limagon r = 4 + 2 cos 0 


2 (4) - 2 : 2 
r+ {—] =(1 —- cos 6)° + (sin 6) 


= 1 — 2cos@ + cos?@ + sin? @ = 2 — 2cos@ 
1 


27 
V2 —2cos 6 dé 
0 


1 — cos @ = 2 sin*(0/2) 


QT 
= ,/4 sin? a do 
: 2 


2Qar 
-f 2|sin ao 
7 2 
2Qar 0 
-f 2 sin 5 d0 sin(@/2)=0 for 0505 27 
0 
_ py _ 
= |—4 cos 5 =4+4=8. ea 
2 0 


4. Inside the cardioid r = a(1 + cos @), a>0O 
5. Inside one leaf of the four-leaved rose r = cos 20 


6. Inside one leaf of the three-leaved rose r = cos 30 


r = cos 30 


7. Inside one loop of the lemniscate r? = 4 sin 20 


8. Inside the six-leaved rose r? = 2 sin 30 


Find the areas of the regions in Exercises 9-18. 

9. Shared by the circles r = 2 cos 6 and r = 2 sin @ 
10. Shared by the circles r = 1 and r = 2 sin 
11. Shared by the circle r = 2 and the cardioid r = 2(1 — cos 6) 
12. Shared by the cardioids r = 2(1 + cos @) and r = 2(1 — cos @) 
13. Inside the lemniscate r2 = 6 cos 26 and outside the circle r = V3 


14, Inside the circle r= 3acos@ and outside the cardioid 
r= all + cos@),a > 0 


15. Inside the circle r = —2 cos 6 and outside the circle r = | 
16. Inside the circle r = 6 above the line r = 3 csc 0 


17. Inside the circle r = 4 cos @ and to the right of the vertical line 
r = sec 0 


18. Inside the circle r= 4sin6 and below the horizontal line 
r= 3csc@ 


19. a. Find the area of the shaded region in the accompanying figure. 


y 
A 


r=tand 


! >Xx 
=i 0 1 
b. It looks as if the graph of r = tan 0,—a/2 < 0 < 7/2, could 
be asymptotic to the lines x = 1 and x = —1. Is it? Give 


reasons for your answer. 


20. The area of the region that lies inside the cardioid curve 
r = cos @ + 1 and outside the circle r = cos 6 is not 


Qa 
| [(cos @ + 1)? — cos?6] d0 = zm. 
0 


Why not? What is the area? Give reasons for your answers. 
Finding Lengths of Polar Curves 
Find the lengths of the curves in Exercises 21-28. 
21. The spiral r = 67, 0=<0 5 V5 
22. The spiral r = €9/V2, 05057 
23. The cardioid r = 1 + cos 0 
24. The curve r = asin’ (0/2), OS 057, a>O 
25. The parabolic segment r = 6/(1 + cos@), OS 05 7/2 
26. The parabolic segment r = 2/(1 — cos@), 7/2 S057 


ll 


ll 


it 1.6 Conic Sections 


11.6 Conic Sections 683 


27. The curve r = cos*(0/3), 0505 7/4 
28. The curver = V1+sin20, 0S@08 aV2 


29. The length of the curve r = f(0),a =0= 86 Assuming 
that the necessary derivatives are continuous, show how the sub- 
stitutions 


x = f(@)cos 6, y = f(0) sind 


(Equations 2 in the text) transform 


into 


B 2 
dr \~ 
_ 2 
£ i r + (4) do 


30. Circumferences of circles As usual, when faced with a new 
formula, it is a good idea to try it on familiar objects to be sure it 
gives results consistent with past experience. Use the length for- 
mula in Equation (3) to calculate the circumferences of the fol- 
lowing circles (a > 0). 


ar=a b. r = acos@ c. r= asing 


Theory and Examples 

31. Average value If f is continuous, the average value of the polar 
coordinate r over the curve r = f(@),a = 6 = B, with respect to 
@ is given by the formula 


l B 
Tay = eek f(A) do. 


Use this formula to find the average value of r with respect to 0 
over the following curves (a > 0). 


a. The cardioid r = a(1 — cos 0) 
b. The circle r = a 
c. The circle r= acos@, —7/2= 05 7/2 


32. r = f(0) vs. r = 2f(0) Can anything be said about the rela- 
tive lengths of the curves r = f(0@),a = 0 S B, and r = 2f(0), 
a = 6 = B? Give reasons for your answer. 


In this section we define and review parabolas, ellipses, and hyperbolas geometrically and 
derive their standard Cartesian equations. These curves are called conic sections or conics 
because they are formed by cutting a double cone with a plane (Figure 11.37). This geom- 
etry method was the only way they could be described by Greek mathematicians who did 
not have our tools of Cartesian or polar coordinates. In the next section we express the 
conics in polar coordinates. 


Parabolas 


DEFINITIONS A set that consists of all the points in a plane equidistant from a 
given fixed point and a given fixed line in the plane is a parabola. The fixed 
point is the focus of the parabola. The fixed line is the directrix. 
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Circle: plane perpendicular 
to cone axis 


Ellipse: plane oblique 
to cone axis 


Parabola: plane parallel 
to side of cone 


Hyperbola: plane 
parallel to cone axis 


(a) 


¥¥ 


Point: plane through 
cone vertex only 


Single line: plane 
tangent to cone 


(b) 


Pair of intersecting lines 


FIGURE 11.37 The standard conic sections (a) are the curves in which a plane cuts a double cone. Hyperbolas come in two parts, 
called branches. The point and lines obtained by passing the plane through the cone’s vertex (b) are degenerate conic sections. 


The vertex lies 
halfway between 
directrix and focus. 

Directrix: y = —p 


P 


Q(x, —p) 


FIGURE 11.38 The standard form of 
the parabola x? = 4py, p > 0. 


If the focus F lies on the directrix L, the parabola is the line through F perpendicular to 
L. We consider this to be a degenerate case and assume henceforth that F does not lie on L. 

A parabola has its simplest equation when its focus and directrix straddle one of the 
coordinate axes. For example, suppose that the focus lies at the point F(0, p) on the positive 
y-axis and that the directrix is the line y = —p (Figure 11.38). In the notation of the figure, 
a point P(x, y) lies on the parabola if and only if PF = PQ. From the distance formula, 


PF = Vix — 02 + (y — pr = VP + 0 — pY 
PO = Vix — xP + (y— Cpr = Vy t+ py 


When we equate these expressions, square, and simplify, we get 


v=5,. ot x? = Apy. Standard form (1) 
These equations reveal the parabola’s symmetry about the y-axis. We call the y-axis the 
axis of the parabola (short for “axis of symmetry’’). 

The point where a parabola crosses its axis is the vertex. The vertex of the parabola 
x? = 4py lies at the origin (Figure 11.38). The positive number p is the parabola’s focal 
length. 
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If the parabola opens downward, with its focus at (0,—p) and its directrix the line 
y = p, then Equations (1) become 


y= ~ 4p and eS —Apy. 


By interchanging the variables x and y, we obtain similar equations for parabolas opening 
to the right or to the left (Figure 11.39). 


Directrix Directrix 
x=—p x=p 
Vertex Vertex 
>Xx 


(a) (b) 


FIGURE 11.39 (a) The parabola y* = 4px. (b) The parabola y* = —4px. 
EXAMPLE 1 Find the focus and directrix of the parabola y* = 10x. 


Solution We find the value of p in the standard equation y? = 4px: 
4p = 10, so p= >] =>: 


Then we find the focus and directrix for this value of p: 
Vertex / Focus Center Focus 


P) 
Focal axis Focus: (p, 0) = (5 0) 


: : 2 aD 
: : Directrix: x=-p or x=->5. a 
FIGURE 11.40 Points on the focal axis 2 
of an ellipse. 


Ellipses 


DEFINITIONS An ellipse is the set of points in a plane whose distances from 
two fixed points in the plane have a constant sum. The two fixed points are the 
foci of the ellipse. 

The line through the foci of an ellipse is the ellipse’s focal axis. The point on 
the axis halfway between the foci is the center. The points where the focal axis 
and ellipse cross are the ellipse’s vertices (Figure 11.40). 


FIGURE 11.41 The ellipse defined by If the foci are F\(—c, 0) and F3(c, 0) (Figure 11.41), and PF, + PF, is denoted by 2a, 
the equation PF, + PF, = 2a isthe graph — then the coordinates of a point P on the ellipse satisfy the equation 

of the equation (x?/a?) + (y?/b?) = 1, 
where b* = a? — c’. Veatch ty+ Va-c?% + y = 2a. 
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yr 
6 o |.) 


Center 


(0, —3) 


FIGURE 11.42 An ellipse with its 
major axis horizontal (Example 2). 


To simplify this equation, we move the second radical to the right-hand side, square, iso- 
late the remaining radical, and square again, obtaining 
x? y 


ae a _ oad 


= 1. (2) 


Since PF, + PF, is greater than the length FF, (by the triangle inequality for triangle 
PF,F)), the number 2a is greater than 2c. Accordingly, a > c and the number a? — c? in 
Equation (2) is positive. 

The algebraic steps leading to Equation (2) can be reversed to show that every point P 
whose coordinates satisfy an equation of this form with 0 < c < a also satisfies the 
equation PF, + PF, = 2a. A point therefore lies on the ellipse if and only if its coordi- 
nates satisfy Equation (2). 

If 

b= Va — ce’, (3) 

then a* — c* = b* and Equation (2) takes the form 
ey 
a 

Equation (4) reveals that this ellipse is symmetric with respect to the origin and both 
coordinate axes. It lies inside the rectangle bounded by the lines x = +aand y = +b. It 
crosses the axes at the points (+a, 0) and (0, +5). The tangents at these points are per- 
pendicular to the axes because 


ds (4) 


dy _ bx Obtained from Eq. (4) 


dx a’y by implicit differentiation 


is zero if x = 0 and infinite if y = 0. 

The major axis of the ellipse in Equation (4) is the line segment of length 2a joining 
the points (+a, 0). The minor axis is the line segment of length 2b joining the points 
(0, +b). The number a itself is the semimajor axis, the number b the semiminor axis. 
The number c, found from Equation (3) as 


c= Va — Bb’, 


is the center-to-focus distance of the ellipse. If a = b, the ellipse is a circle. 


EXAMPLE 2 The ellipse 


~+5=1 (5) 


(Figure 11.42) has 
Semimajor axis: a = V16 = 4, Semiminor axis: b = V9 = 3 
Center-to-focus distance: c = V16 —9 = V7 
Foci: (4c,0) = (+V7, 0) 
Vertices: (ta,0) = (£4, 0) 
Center: (0, 0). Oo 


If we interchange x and y in Equation (5), we have the equation 


ey 

9 + Tan 1. (6) 
The major axis of this ellipse is now vertical instead of horizontal, with the foci and verti- 
ces on the y-axis. There is no confusion in analyzing Equations (5) and (6). If we find the 
intercepts on the coordinate axes, we will know which way the major axis runs because it 


is the longer of the two axes. 


Vertices 


Focus Focus 


@ 
Center i 


Focal axis 


FIGURE 11.43 Points on the focal axis 
of a hyperbola. 


FIGURE 11.44 Hyperbolas have two 
branches. For points on the right-hand 
branch of the hyperbola shown here, 

PF, — PF, = 2a. For points on the left- 
hand branch, PF, — PF, = 2a. We then 


letb= VC - a. 
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Standard-Form Equations for Ellipses Centered at the Origin 


Foci on the x-axis: 5 + BP =1 (a>b) 
Center-to-focus distance: c = Va? — b’ 
Foci: (4c, 0) 
Vertices: (a, 0) 
x? y? 
Foci on the y-axis: pe +>=1 (a>b) 
a 
Center-to-focus distance: c = Va? — b? 
Foci: (0, tc) 
Vertices: (0, ta) 


In each case, a is the semimajor axis and b is the semiminor axis. 


Hyperbolas 


DEFINITIONS A hyperbola is the set of points in a plane whose distances from 
two fixed points in the plane have a constant difference. The two fixed points are 
the foci of the hyperbola. 

The line through the foci of a hyperbola is the focal axis. The point on the 
axis halfway between the foci is the hyperbola’s center. The points where the 
focal axis and hyperbola cross are the vertices (Figure 11.43). 


If the foci are F\(—c, 0) and F,(c, 0) (Figure 11.44) and the constant difference is 2a, 
then a point (x, y) lies on the hyperbola if and only if 


Vator t+ty—- Vae-oc% + y= £2a. (7) 


To simplify this equation, we move the second radical to the right-hand side, square, iso- 
late the remaining radical, and square again, obtaining 


x? y 7 
f° @=a=e@ (8) 


So far, this looks just like the equation for an ellipse. But now a? — c? is negative because 


2a, being the difference of two sides of triangle PF F5, is less than 2c, the third side. 

The algebraic steps leading to Equation (8) can be reversed to show that every point 
P whose coordinates satisfy an equation of this form with 0 < a < ¢ also satisfies 
Equation (7). A point therefore lies on the hyperbola if and only if its coordinates satisfy 
Equation (8). 

If we let b denote the positive square root of c? — a’, 


b=Ve- a, (9) 
then a? — c? = —b? and Equation (8) takes the more compact form 
2 2 
a ese (10) 
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FIGURE 11.45 The hyperbola and its 
asymptotes in Example 3. 


The differences between Equation (10) and the equation for an ellipse (Equation 4) are the 
minus sign and the new relation 


C=aaet+ Bb. From Eq. (9) 


Like the ellipse, the hyperbola is symmetric with respect to the origin and coordinate 
axes. It crosses the x-axis at the points (+a, 0). The tangents at these points are vertical 
because 


Obtained from Eq. (10) by 
implicit differentiation 


is infinite when y = 0. The hyperbola has no y-intercepts; in fact, no part of the curve lies 
between the lines x = —a and x = a. 
The lines 


y= tex 


a IS 


are the two asymptotes of the hyperbola defined by Equation (10). The fastest way to find 
the equations of the asymptotes is to replace the | in Equation (10) by 0 and solve the new 
equation for y: 


roy roy b 
DR 1 DB Oy = tax. 
ee eee eS 
hyperbola 0 for 1 asymptotes 
EXAMPLE 3 The equation 
x? y - 
fogs! (11) 


is Equation (10) with a* = 4 and b* = 5 (Figure 11.45). We have 


Center-to-focus distance: c = Va2t+ bh? = V4+4+5=3 


Foci: (4c, 0) = (£3, 0), Vertices: (t+a,0) = (+2, 0) 
Center: (0, 0) 

i) 2 
Asymptotes: 4 - a =0 o y= +5, ‘a 


If we interchange x and y in Equation (11), the foci and vertices of the resulting 
hyperbola will lie along the y-axis. We still find the asymptotes in the same way as before, 
but now their equations will be y = +2x/ V5. 


Foci on the x-axis: 


Center-to-focus distance: 


Standard-Form Equations for Hyperbolas Centered at the Origin 


Foci: (+c, 0) Foci: (0, £c) 
Vertices: (a, 0) Vertices: (0, ta) 
ey b yo x a 
tA = +2 pe a 
Asymptotes: 2 eR O or y= 15x Asymptotes: a eB O or y= pe 


Notice the difference in the asymptote equations (b/a in the first, a/b in the second). 


yon, 


Foci on the y-axis: > . 
a be 


Va + b? c=VaAe+Ph 


Center-to-focus distance: 


Exercises 11.6 


Identifying Graphs 


Match the parabolas in Exercises 1-4 with the following equations: 


x? = 2y, x7 =—-6y, y = 8x, 


Then find each parabola’s focus and directrix. 


Loy 2 P 
- ow 
. A 
3. # 4. y 
x 
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11.6 Conic Sections 


We shift conics using the principles reviewed in Section 1.2, replacing x by x + A and 
ybyy +k. 


EXAMPLE 4 Show that the equation x* — 4y* + 2x + 8y — 7 = 0 represents a 
hyperbola. Find its center, asymptotes, and foci. 


Solution We reduce the equation to standard form by completing the square in x and y 
as follows: 


(x? + 2x) — 4(y? - 2y) =7 
(x? + 2x + 1) — 4(y? - 2y +1) =74+1-4 


(x + 1? 
i 


(y- IP = 1. 


This is the standard form Equation (10) of a hyperbola with x replaced by x + 1 and y 
replaced by y — 1. The hyperbola is shifted one unit to the left and one unit upward, and it 
has center x + 1 = O and y — 1 = 0, or x = —1 and y = 1. Moreover, 


a= 4, b= 1, C=aC04+hP=5, 


so the asymptotes are the two lines 


1) =0 


y-1= t2( + 1). 


The shifted foci have coordinates (-1 at V5. 1). 


Match each conic section in Exercises 5—8 with one of these equations: 


eo i —— 
y? = —4x, pe eee 

y . 2= | x vy 

i a i aie 


Then find the conic section’s foci and vertices. If the conic section is a 
hyperbola, find its asymptotes as well. 


5 y 6. 


>< 
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7. 8. 


> X 


Vv. 
/\ 


Parabolas 

Exercises 9-16 give equations of parabolas. Find each parabola’s 
focus and directrix. Then sketch the parabola. Include the focus and 
directrix in your sketch. 


9. y* = 12x 10. x? = 6y 11. x? = —8y 
12. y? = —2x 13. y = 4° 14. y = —8x? 
15. x = —3y’ 16. x = 2y’ 

Ellipses 


Exercises 17-24 give equations for ellipses. Put each equation in stan- 
dard form. Then sketch the ellipse. Include the foci in your sketch. 


17. 16x° + 25y’ = 400 18. 7x2 + l6y? = 112 
19. 27° + y = 20. 2x2 + y2=4 

21. 3x° + 2y? = 22. 9x2 + 10y? = 90 

23. 6x7 + 9y? = 54 24. 169x2 + 25y? = 4225 


Exercises 25 and 26 give information about the foci and vertices of 
ellipses centered at the origin of the xy-plane. In each case, find the 
ellipse’s standard-form equation from the given information. 


25. Foci: (ee V2, 0) Vertices: (+2, 0) 
26. Foci: (0, +4) Vertices: (0, +5) 


Hyperbolas 

Exercises 27-34 give equations for hyperbolas. Put each equation in 
standard form and find the hyperbola’s asymptotes. Then sketch the 
hyperbola. Include the asymptotes and foci in your sketch. 


27, x? — y= 1 28. 9x? — 16y? = 144 
29, y2— x7 = 8 30. yw —- x =4 

31. 8x2 — 2y? = 16 32. 2 — 3x2 =3 

33. 8y? — 2x* = 16 34. 64x? — 36y? = 2304 


Exercises 35-38 give information about the foci, vertices, and asymp- 
totes of hyperbolas centered at the origin of the xy-plane. In each case, 
find the hyperbola’s standard-form equation from the information given. 


35. Foci: (0, +V2) 36. Foci: (+2, 0) 


Asymptotes: y= +—= 


1 
x 
V3 


Asymptotes: y= +x 


37. Vertices: (+3, 0) 


Asymptotes: y= + 


Shifting Conic Sections 
You may wish to review Section 1.2 before solving Exercises 39-56. 


39. The parabola y? = 8x is shifted down 2 units and right | unit to 
generate the parabola (y + 2)? = 8(x — 1). 


a. Find the new parabola’s vertex, focus, and directrix. 


b. Plot the new vertex, focus, and directrix, and sketch in the 
parabola. 
40. The parabola x* = —4y is shifted left 1 unit and up 3 units to 
generate the parabola (x + 1)? = —4(y — 3). 
a. Find the new parabola’s vertex, focus, and directrix. 
b. Plot the new vertex, focus, and directrix, and sketch in the 
parabola. 


41. The ellipse (x?/16) + (y?/9) = 1 is shifted 4 units to the right 
and 3 units up to generate the ellipse 


Gad G=3) 
16 9 


1. 


a. Find the foci, vertices, and center of the new ellipse. 
b. Plot the new foci, vertices, and center, and sketch in the new 
ellipse. 


42. The ellipse (x7/9) + (y?/25) = 1 is shifted 3 units to the left 
and 2 units down to generate the ellipse 


@+3P O+2_, 
9 * 25 


a. Find the foci, vertices, and center of the new ellipse. 
b. Plot the new foci, vertices, and center, and sketch in the new 
ellipse. 


43. The hyperbola (x?/16) — (y?/9) = 1 is shifted 2 units to the 
right to generate the hyperbola 


G23 ., 
16 9° 
a. Find the center, foci, vertices, and asymptotes of the new 
hyperbola. 
b. Plot the new center, foci, vertices, and asymptotes, and sketch 
in the hyperbola. 
44, The hyperbola (y?/4) — (x?/5) = 1 is shifted 2 units down to 
generate the hyperbola 


(yt+2P x2 


xT 
4 5 
a. Find the center, foci, vertices, and asymptotes of the new 
hyperbola. 


b. Plot the new center, foci, vertices, and asymptotes, and sketch 
in the hyperbola. 


Exercises 45-48 give equations for parabolas and tell how many units 
up or down and to the right or left each parabola is to be shifted. Find 
an equation for the new parabola, and find the new vertex, focus, and 
directrix. 

45. y? = 4x, left2,down3 46. y? =—12x, right 4, up3 

47. x* = 8y, right!,down7 48. x* = 6y, left 3, down2 


Exercises 49-52 give equations for ellipses and tell how many units up 
or down and to the right or left each ellipse is to be shifted. Find an 
equation for the new ellipse, and find the new foci, vertices, and center. 


xr y 

49, et 9 = 1, left 2, down 1 
x? 6 : 

50. ae ao 1, right 3, up 4 

2 y? 

51. = +> =1, right 2, up3 
ey 

52. 16 + 5 = 1, left 4,down5 


Exercises 53-56 give equations for hyperbolas and tell how many 
units up or down and to the right or left each hyperbola is to be 
shifted. Find an equation for the new hyperbola, and find the new cen- 
ter, foci, vertices, and asymptotes. 


2 
Ke A F 
53. Re 1, right 2, up 2 
ey 
54. 16 ry = 1, left 2, down 1 


left 1, down 1 
right 1, up 3 


Find the center, foci, vertices, asymptotes, and radius, as appropriate, 
of the conic sections in Exercises 57-68. 


57, x? + 4x+ y= 12 
58. 2x? + 2y? — 28x + 12y + 114=0 
59. x? +2x+ 4y-3=0 60. y? — 4y — 8x — 12 =0 


61. x? + Sy? + 4x = 1 62. 9x7 + 6y? + 36y = 0 
63. x? + 2y? — 2x — 4y =—-1 

64. 4x7 + y? + 8x — 2y =-1 

65. x? — y? —-2ax+ 4y= 66. x? — y? + 4x — 6y = 6 
67. 2x7 — y? + 6y = 68. y* — 4x? + lox = 24 


Theory and Examples 

69. If lines are drawn parallel to the coordinate axes through a point P 
on the parabola y? = kx, k > 0, the parabola partitions the rect- 
angular region bounded by these lines and the coordinate axes 
into two smaller regions, A and B. 


a. If the two smaller regions are revolved about the y-axis, show 
that they generate solids whose volumes have the ratio 4:1. 


b. What is the ratio of the volumes generated by revolving the 
regions about the x-axis? 


y 
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70. Suspension bridge cables hang in parabolas The suspension 


71. 


72. 


73. 


74. 


75. 


76. 


77. 


78. 


79. 


80. 


bridge cable shown in the accompanying figure supports a uni- 
form load of w pounds per horizontal foot. It can be shown that 
if H is the horizontal tension of the cable at the origin, then the 
curve of the cable satisfies the equation 


Show that the cable hangs in a parabola by solving this differential 
equation subject to the initial condition that y = 0 when x = 0. 


y 


Bridge cable 


0| 


The width of a parabola at the focus Show that the number 
4p is the width of the parabola x* = 4py (p > 0) at the focus by 
showing that the line y = p cuts the parabola at points that are 
4p units apart. 

The asymptotes of (x?/a?) — (y?/b?) = 1 Show that the 
vertical distance between the line y = (b/a)x and the upper half 
of the right-hand branch y = (b/a)\Vx* — a? of the hyperbola 
(x*/a?) — (y?/b?) = 1 approaches 0 by showing that 


lim a b/g a) = 2 itn (x x a’) = 0. 
x0 \ 4 a @ y00 

Similar results hold for the remaining portions of the hyperbola 
and the lines y = +(b/a)x. 

Area Find the dimensions of the rectangle of largest area that 
can be inscribed in the ellipse x7 + 4y? = 4 with its sides paral- 
lel to the coordinate axes. What is the area of the rectangle? 


Volume Find the volume of the solid generated by revolving 
the region enclosed by the ellipse 9x? + 4y? = 36 about the 
(a) x-axis, (b) y-axis. 

Volume The “triangular” region in the first quadrant bounded 
by the x-axis, the line x = 4, and the hyperbola 9x” — 4y? = 36 


is revolved about the x-axis to generate a solid. Find the volume 
of the solid. 


Tangents Show that the tangents to the curve y* = 4px from 
any point on the line x = —p are perpendicular. 
Tangents Find equations for the tangents to the circle 


(x — 2)? + (y — 1)* = 5 at the points where the circle crosses 
the coordinate axes. 


Volume The region bounded on the left by the y-axis, on the 
right by the hyperbola x7 — y? = 1, and above and below by 
the lines y = +3 is revolved about the y-axis to generate a 
solid. Find the volume of the solid. 


Centroid Find the centroid of the region that is bounded below 
by the x-axis and above by the ellipse (x7/9) + (y?/16) = 1. 

Surface area Thecurve y= Vx? +1,0<x< V2, which 
is part of the upper branch of the hyperbola y? — x? = 1, is 


revolved about the x-axis to generate a surface. Find the area of 
the surface. 
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81. The reflective property of parabolas The accompanying fig- This reflective property of parabolas is used in applications like 
ure shows a typical point P(xp, yo) on the parabola y? = 4px. The car headlights, radio telescopes, and satellite TV dishes. 


line L is tangent to the parabola at P. The parabola’s focus lies at 
F(p, 0). The ray L’ extending from P to the right is parallel to the 
x-axis. We show that light from F to P will be reflected out along 
L' by showing that B equals a. Establish this equality by taking 


the following steps. 
a. Show that tan B = 2p/yo. 


b. Show that tan @ = yo/(x — p). 


c. Use the identity 


tan @ — tan B 
1 + tan ¢ tan B 


tana = 


to show that tana = 2p/yo. 


Since @ and B are both acute, tan 8 = tana implies B = a. 


1 1 ‘ t Conics in Polar Coordinates 


Polar coordinates are especially important in astronomy and astronautical engineering 
because satellites, moons, planets, and comets all move approximately along ellipses, 
parabolas, and hyperbolas that can be described with a single relatively simple polar coor- 
dinate equation. We develop that equation here after first introducing the idea of a conic 
section’s eccentricity. The eccentricity reveals the conic section’s type (circle, ellipse, 
parabola, or hyperbola) and the degree to which it is “squashed” or flattened. 


Eccentricity 


Although the center-to-focus distance c does not appear in the standard Cartesian equation 


2 


85/5 
to 


2 
+5eh (a > b) 


for an ellipse, we can still determine c from the equation c = Va? — b?. If we fix a and vary 
c over the interval 0 = c = a, the resulting ellipses will vary in shape. They are circles if 
c = 0 (so that a = b) and flatten, becoming more oblong, as c increases. If c = a, the foci 
and vertices overlap and the ellipse degenerates into a line segment. Thus we are led to con- 
sider the ratio e = c/a. We use this ratio for hyperbolas as well, except in this case c equals 
Va? + b? instead of Va? — b*. We define these ratios with the term eccentricity. 


DEFINITION 
The eccentricity of the ellipse (x?/a?) + (y?/b*) = 1(a > b) is 


The eccentricity of a parabola is e = 1. 


Directrix| * 
x==¢ 
De— 


>X 


FIGURE 11.46 The distance from the 
focus F to any point P on a parabola equals 
the distance from P to the nearest point D 
on the directrix, so PF = PD. 


y 
Directrix 1 i) Directrix 2 


FIGURE 11.47 The foci and directrices 
of the ellipse (x?/a?) + (y?/b?) = 1. 
Directrix 1 corresponds to focus F, and 
directrix 2 to focus F. 


Directrix | y Directrix 2 


i 


FIGURE 11.48 The foci and directrices 
of the hyperbola (x?/a?) — (y?/b?) = 1. 
No matter where P lies on the hyperbola, 
PF, = e: PD, and PF, = e+ PD). 
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Whereas a parabola has one focus and one directrix, each ellipse has two foci and two 
directrices. These are the lines perpendicular to the major axis at distances ta/e from 
the center. From Figure 11.46 we see that a parabola has the property 


PF = 1-PD (1) 


for any point P on it, where F is the focus and D is the point nearest P on the directrix. For 
an ellipse, it can be shown that the equations that replace Equation (1) are 


PF, = e: PD, PF, = e+ PD). (2) 


Here, e is the eccentricity, P is any point on the ellipse, F; and F, are the foci, and D,; and 
Dy are the points on the directrices nearest P (Figure 11.47). 

In both Equations (2) the directrix and focus must correspond; that is, if we use the 
distance from P to F,, we must also use the distance from P to the directrix at the same 
end of the ellipse. The directrix x = —a/e corresponds to F,(—c, 0), and the directrix 
x = a/e corresponds to F,(c, 0). 

As with the ellipse, it can be shown that the lines x = +a/e act as directrices for the 
hyperbola and that 


PF, = e:PD, and PF, = e*PDy). (3) 


Here P is any point on the hyperbola, F, and F, are the foci, and D, and Dy, are the points 
nearest P on the directrices (Figure 11.48). 

In both the ellipse and the hyperbola, the eccentricity is the ratio of the distance 
between the foci to the distance between the vertices (because c/a = 2c/2a). 


distance between foci 
distance between vertices 


Eccentricity = 


In an ellipse, the foci are closer together than the vertices and the ratio is less than 1. Ina 
hyperbola, the foci are farther apart than the vertices and the ratio is greater than 1. 

The “focus—directrix” equation PF = e+ PD unites the parabola, ellipse, and hyper- 
bola in the following way. Suppose that the distance PF of a point P from a fixed point F 
(the focus) is a constant multiple of its distance from a fixed line (the directrix). That is, 
suppose 


PF = ePD, (4) 


where e is the constant of proportionality. Then the path traced by P is 


(a) a parabola if e = 1, 
(b) an ellipse of eccentricity e if e < 1, and 


(c) a hyperbola of eccentricity e if e > 1. 


As e increases (e > 1°), ellipses become more oblong, and (e —> 0°) hyperbolas flatten 
toward two lines parallel to the directrix. There are no coordinates in Equation (4), and 
when we try to translate it into Cartesian coordinate form, it translates in different ways 
depending on the size of e. However, as we are about to see, in polar coordinates the equa- 
tion PF = e: PD translates into a single equation regardless of the value of e. 

Given the focus and corresponding directrix of a hyperbola centered at the origin and 
with foci on the x-axis, we can use the dimensions shown in Figure 11.48 to find e. 
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FIGURE 11.49 The hyperbola and 
directrix in Example 1. 


Directrix 
D 
Focus at ; 
iat - 
a) >x 
F/B k 
rcos 0 
Press 
cee x=k 
Eo” 


FIGURE 11.50 If aconic section is put 
in the position with its focus placed at the 
origin and a directrix perpendicular to the 
initial ray and right of the origin, we can 
find its polar equation from the conic’s 
focus—directrix equation. 


Knowing e, we can derive a Cartesian equation for the hyperbola from the equation 
PF = e- PD, as in the next example. We can find equations for ellipses centered at the ori- 
gin and with foci on the x-axis in a similar way, using the dimensions shown in Figure 11.47. 


EXAMPLE 1 Find a Cartesian equation for the hyperbola centered at the origin that 
has a focus at (3, 0) and the line x = 1 as the corresponding directrix. 


Solution We first use the dimensions shown in Figure 11.48 to find the hyperbola’s 
eccentricity. The focus is (see Figure 11.49) 


(Cc; 0) = (3, 0), Nie) C= 3. 


Again from Figure 11.48, the directrix is the line 


= 1, so a=e. 


When combined with the equation e = c/a that defines eccentricity, these results give 


, so e=3 and e= V3. 


Knowing e, we can now derive the equation we want from the equation PF = e* PD. 
In the coordinates of Figure 11.49, we have 


PF =e:+PD Eq. (4) 


V3 |x —1| ae 


Va — 32 + (y — OF 


x -— 6x + 94+ y? 3(x2 — 2x + 1) Square both sides. 


2x? — y? = 6 
x? yy 
age " 


Polar Equations 


To find a polar equation for an ellipse, parabola, or hyperbola, we place one focus at the 
origin and the corresponding directrix to the right of the origin along the vertical line 
x = k (Figure 11.50). In polar coordinates, this makes 


PF=r 
and 


PD=k-— FB=k-—rcos@. 
The conic’s focus—directrix equation PF = e* PD then becomes 
r = e(k — rcos 8), 


which can be solved for r to obtain the following expression. 


Polar Equation for a Conic with Eccentricity e 


ke 


YT + ecosé’ 6) 


where x = k > O is the vertical directrix. 
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EXAMPLE 2 Here are polar equations for three conics. The eccentricity values iden- 
tifying the conic are the same for both polar and Cartesian coordinates. 
a Li oi 
e= 5: ellipse P= Fe ane 
= 1: arabola r= = 
< : P 1 + cos 6 
ee _ 2k 
e=2: hyperbola = 7 # Qoos0 Oo 


You may see variations of Equation (5), depending on the location of the directrix. If 
the directrix is the line x = —k to the left of the origin (the origin is still a focus), we 
replace Equation (5) with 


ke 


aoe 1 —ecos? 


The denominator now has a (—) instead of a (+). If the directrix is either of the lines y = k or 


y = —k, the equations have sines in them instead of cosines, as shown in Figure 11.51. 
‘= ke = ke 
1+ ecosé 1 — ecosé 


Focus at origin Focus at origin 
x 


Directrix x = k 


(a) 


Directrix y = k 


Focus at 
origin 


(c) 


Directrix x = —k 
(b) 


= —_ke__ 
1—esin@ 
y 
Focus at origin 


r 


Directrix y = —k 


(d) 


FIGURE 11.51 Equations for conic sections with 
eccentricity e > 0 but different locations of the directrix. 


The graphs here show a parabola, so e = 1. 


EXAMPLE 3 
x = 2. 


Find an equation for the hyperbola with eccentricity 3 /2 and directrix 


Solution We use Equation (5) with k = 2 and e = 3/2: 


2(3/2) 
~ 1+ (3/2) cos 6 


r 


EXAMPLE 4 


r 


or a 


a a 
2+ 3cos@ 


Find the directrix of the parabola 


-_ 2D 
10 + 10cos 0° 
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Directrix 
x=k 


Focus at 
Center origin 
® 8 


FIGURE 11.52 In an ellipse with 
semimajor axis a, the focus—directrix 
distance is k = (a/e) — ea, so 

ke = a(1 — e?). 


>< 


Po(79; 9%) 


>X 


FIGURE 11.53 We can obtain a polar 
equation for line L by reading the relation 
% = rcos (8 — 6) from the right triangle 


OP)P. 


>X 


Solution We divide the numerator and denominator by 10 to put the equation in stan- 
dard polar form: 


_ 5/2 
"T+ cos 6° 
This is the equation 
2 ke 
1 + ecosé 
with k = 5/2 and e = 1. The equation of the directrix is x = 5/2. oO 


From the ellipse diagram in Figure 11.52, we see that k is related to the eccentricity e 
and the semimajor axis a by the equation 


a 
k=@ 7 ea. 


From this, we find that ke = a(1 — e?). Replacing ke in Equation (5) by a(1 — e?) gives 
the standard polar equation for an ellipse. 


Polar Equation for the Ellipse with Eccentricity e and Semimajor Axis a 


a(1 — e) 


"T+ ecos0 (6) 


Notice that when e = 0, Equation (6) becomes r = a, which represents a circle. 


Lines 


Suppose the perpendicular from the origin to line L meets L at the point Po(7, 05), with 
% = O (Figure 11.53). Then, if P(r, @) is any other point on L, the points P, Py, and O are 
the vertices of a right triangle, from which we can read the relation 


1% = rcos (0 — Op). 


The Standard Polar Equation for Lines 


If the point Py(7, 09) is the foot of the perpendicular from the origin to the line L, 
and 7 = 0, then an equation for L is 


rcos (8 — 69) = %. (7) 


For example, if 69 = 7/3 and ~% = 2, we find that 


reos ( - 7) =2 


T : IT Ve 
r (cos Ocos + sin @sin z) =2 


1 e080 + Yr sin 6 = 2, or xt+ V3y =4. 


Circles 


gives 


FIGURE 11.54 Wecan get a polar 
equation for this circle by applying the 
Law of Cosines to triangle OP)P. 
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To find a polar equation for the circle of radius a centered at Py(7, 09), we let P(r, 8) be a 
point on the circle and apply the Law of Cosines to triangle OP,P (Figure 11.54). This 


@ =n +r? — 2nmrcos (8 — 4). 


O : If the circle passes through the origin, then 7 = a and this equation simplifies to 


@ =a +r? — 2arcos (6 — 0) 
r? = 2ar cos (8 — Oo) 


r = 2acos (86 — 6). 


If the circle’s center lies on the positive x-axis, 6) = 0 and we get the further simplifica- 


tion 


r = 2acos 6. (8) 


If the center lies on the positive y-axis, 9 = 7/2, cos (9 — 7/2) = sin @, and the 
equation r = 2a cos (8 — 6) becomes 


r = 2asin 0. (9) 


Equations for circles through the origin centered on the negative x- and y-axes can be 
obtained by replacing r with —r in the above equations. 


EXAMPLE 5 


Here are several polar equations given by Equations (8) and (9) for cir- 


cles through the origin and having centers that lie on the x- or y-axis. 


Center Polar 
Radius (polar coordinates) equation 
a (3, 0) r = 6cos0 
3 (2, 7/2) r= 4sin0 
1/2 (-1/2, 0) r = —cos 0 
1 (-1, 7/2) r=-—2sin0 
|_| 
Exercises 
Ellipses and Eccentricity 11. Vertices: (0, £70) 12. Vertices: (+10, 0) 


In Exercises 1-8, find the eccentricity of the ellipse. Then find and 
graph the ellipse’s foci and directrices. 


1. 16x? + 25y? = 400 2. 12 + 16y? = 112 
3. 2? + y? = 4.22 + y2=4 

5. 3x? + 2y? = 6 6. 9x2 + 10y? = 90 

7, 6x? + Dy’ = 54 8. 169x? + 25y? = 4225 


Exercises 9-12 give the foci or vertices and the eccentricities of 
ellipses centered at the origin of the xy-plane. In each case, find the 
ellipse’s standard-form equation in Cartesian coordinates. 
9. Foci: (0, +3) 10. Foci: (+8, 0) 
Eccentricity: 0.5 Eccentricity: 0.2 


Eccentricity: 0.1 Eccentricity: 0.24 


Exercises 13-16 give foci and corresponding directrices of ellipses 
centered at the origin of the xy-plane. In each case, use the dimensions 


in Figure 11.47 to find the eccentricity of the ellipse. Then find the 
ellipse’s standard-form equation in Cartesian coordinates. 


13. Focus: (V5, 0) 14. Focus: (4, 0) 


Directrix: x= i, Directrix: x = e 
V5 
15. Focus: (—4, 0) 16. Focus: (—V2, 0) 
Directrix: x = —16 Directrix: x = —2V2 
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Hyperbolas and Eccentricity 
In Exercises 17—24, find the eccentricity of the hyperbola. Then find 
and graph the hyperbola’s foci and directrices. 


17,x°-y=1 18. 9x? — l6y? = 144 
19. y-x =8 20. -— x? =4 

21. 8x? — 2y? = 16 22. y? — 3x7 =3 

23. 8y? — 2x? = 16 24. 64x? — 36y? = 2304 


Exercises 25-28 give the eccentricities and the vertices or foci of 
hyperbolas centered at the origin of the xy-plane. In each case, find the 
hyperbola’s standard-form equation in Cartesian coordinates. 

25. Eccentricity: 3 


Vertices: (0, +1) 


26. Eccentricity: 2 
Vertices: (+2, 0) 

27. Eccentricity: 3 28. Eccentricity: 1.25 
Foci: (43,0) Foci: (0, +5) 


Eccentricities and Directrices 

Exercises 29-36 give the eccentricities of conic sections with one 
focus at the origin along with the directrix corresponding to that focus. 
Find a polar equation for each conic section. 


29, e=1, x=2 30. e=1, y=2 
31.e=5, y=-6 32. e=2, x=4 
33. e= 1/2, x=1 34.e= 1/4, x=-2 
35. e= 1/5, y=—10 36. e = 1/3, y=6 


Parabolas and Ellipses 

Sketch the parabolas and ellipses in Exercises 37-44. Include the direc- 
trix that corresponds to the focus at the origin. Label the vertices with 
appropriate polar coordinates. Label the centers of the ellipses as well. 


_ 1 _ 6 
a aa ee ae Ory 
_ 25 _ 4 
ao: = Te Seed WF Fa ceed 
_ 400 _ 12 
a ie ane aa eee Ty 
_ 8 = 4 
ot 9 eae be cle eae TT 
Lines 
Sketch the lines in Exercises 45—48 and find Cartesian equations for 
them. 
45. reos (9-7) = v2 46. reos (a + 2m) ay 
27 7 
47. rcos (« = 27) = 3 48. rcos (« + 7) = 


Find a polar equation in the form r cos (9 — 69) = 1% for each of the 
lines in Exercises 49-52. 


49. V2x+ V2y=6 
51. y=-5 


50. V3x-y=1 
52. x =—4 


Circles 
Sketch the circles in Exercises 53-56. Give polar coordinates for their 
centers and identify their radii. 


53. r= 4cos0 54. r = 6sin0 
55. r = —2 cos @ 56. r= —8 sin@ 


ll 


Find polar equations for the circles in Exercises 57-64. Sketch each 
circle in the coordinate plane and label it with both its Cartesian and 
polar equations. 


57. (x — 6) + y° = 36 58. (x +22 +y=4 
59: ey = 5) = 25 60. x2 + (y +: 72 = 49 
61. x? +2x+ y= 62. x — lox + y? = 

63. 2+yty=0 64. a+ y?- Fy = 0 


Examples of Polar Equations 


Graph the lines and conic sections in Exercises 65—74. 


65. r = 3 sec (0 — 7/3) 66. r = 4sec (9 + 77/6) 
67. r = 4sin@ 68. r = —2 cos 0 

69. r = 8/(4 + cos 6) 70. r = 8/(4 + sin @) 
71. r= 1/(1 — sin@) 72. r= 1/(1 + cos 0) 
73. r= 1/(1 + 2sin 0) 74. r= 1/(1 + 20s 6) 


75. Perihelion and aphelion A planet travels about its sun in an 
ellipse whose semimajor axis has length a. (See accompanying 
figure.) 

a. Show that r = a(1 — e) when the planet is closest to the sun 
and that r = a(1 + e) when the planet is farthest from the sun. 


b. Use the data in the table in Exercise 76 to find how close each 
planet in our solar system comes to the sun and how far away 
each planet gets from the sun. 


Aphelion Perihelion 
(farthest (closest 
from sun) to sun) 
Planet 
0 
a 
- 
Sun 


76. Planetary orbits Use the data in the table below and Equation 
(6) to find polar equations for the orbits of the planets. 


Semimajor axis 


Planet (astronomical units) Eccentricity 
Mercury 0.3871 0.2056 
Venus 0.7233 0.0068 
Earth 1.000 0.0167 
Mars 1.524 0.0934 
Jupiter 5.203 0.0484 
Saturn 9.539 0.0543 
Uranus 19.18 0.0460 
Neptune 30.06 0.0082 
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Chapter 11 Questions to Guide Your Review 


1. What is a parametrization of a curve in the xy-plane? Does a func- 
tion y = f(x) always have a parametrization? Are parametriza- 
tions of a curve unique? Give examples. 


2. Give some typical parametrizations for lines, circles, parabolas, 
ellipses, and hyperbolas. How might the parametrized curve dif- 
fer from the graph of its Cartesian equation? 


3. What is a cycloid? What are typical parametric equations for 
cycloids? What physical properties account for the importance of 
cycloids? 

4. What is the formula for the slope dy/dx of a parametrized curve 
x = f(), y = g(t)? When does the formula apply? When can you 
expect to be able to find d*y/dx? as well? Give examples. 


5. How can you sometimes find the area bounded by a parametrized 
curve and one of the coordinate axes? 


6. How do you find the length of a smooth parametrized curve 
x = fi), y = g(t),a = t = b? What does smoothness have to 
do with length? What else do you need to know about the param- 
etrization in order to find the curve’s length? Give examples. 


7. What is the arc length function for a smooth parametrized curve? 
What is its arc length differential? 


8. Under what conditions can you find the area of the surface gener- 
ated by revolving a curve x = f(), y = g(t),a St = b, about 
the x-axis? the y-axis? Give examples. 


9. What are polar coordinates? What equations relate polar coordi- 
nates to Cartesian coordinates? Why might you want to change 
from one coordinate system to the other? 


10. What consequence does the lack of uniqueness of polar coordi- 
nates have for graphing? Give an example. 


Chapter J Practice Exercises 


Identifying Parametric Equations in the Plane 

Exercises 1-6 give parametric equations and parameter intervals for 
the motion of a particle in the xy-plane. Identify the particle’s path by 
finding a Cartesian equation for it. Graph the Cartesian equation and 
indicate the direction of motion and the portion traced by the particle. 


lx =t/2, y=ttl; -w<t<o@ 


2x=Vi y=1-Ve t2=0 


3. x = (1/2)tant, y = (1/2)sect; -—a7/2<t< 7/2 
4.x=-2cost, y=2sing OStsa7 

5. x=-cost, y=cos’r OSt<7 

6. x=4cost, y=9snt; OS tS 27 


Finding Parametric Equations and Tangent Lines 

7. Find parametric equations and a parameter interval for the 
motion of a particle in the xy-plane that traces the ellipse 
16x? + 9y? = 144 once counterclockwise. (There are many ways 
to do this.) 


11. How do you graph equations in polar coordinates? Include in 
your discussion symmetry, slope, behavior at the origin, and the 
use of Cartesian graphs. Give examples. 


12. How do you find the area of a region 0 = 7,(0) = r = (8), 
a = 6 = B, in the polar coordinate plane? Give examples. 


13. Under what conditions can you find the length of a curve 
r= f(@),a = 6 = B£, in the polar coordinate plane? Give an 
example of a typical calculation. 


14. What is a parabola? What are the Cartesian equations for parabo- 
las whose vertices lie at the origin and whose foci lie on the coor- 
dinate axes? How can you find the focus and directrix of such a 
parabola from its equation? 


15. What is an ellipse? What are the Cartesian equations for ellipses 
centered at the origin with foci on one of the coordinate axes? 
How can you find the foci, vertices, and directrices of such an 
ellipse from its equation? 


16. What is a hyperbola? What are the Cartesian equations for hyper- 
bolas centered at the origin with foci on one of the coordinate 
axes? How can you find the foci, vertices, and directrices of such 
an ellipse from its equation? 


17. What is the eccentricity of a conic section? How can you classify 
conic sections by eccentricity? How does eccentricity change the 
shape of ellipses and hyperbolas? 

18. Explain the equation PF = e+ PD. 


19. What are the standard equations for lines and conic sections in 
polar coordinates? Give examples. 


8. Find parametric equations and a parameter interval for the motion 
of a particle that starts at the point (—2, 0) in the xy-plane and traces 
the circle x + y* = 4 three times clockwise. (There are many 
ways to do this.) 


In Exercises 9 and 10, find an equation for the line in the xy-plane that is 
tangent to the curve at the point corresponding to the given value of t. 
Also, find the value of d*y/dx* at this point. 


9. x = (1/2)tant, y = (1/2)sect; t= 7/3 
10. x=1+1/?, y=1-3/h t=2 


11. Eliminate the parameter to express the curve in the form y = f(x). 


ll 


a x=4P, y=P-1 
b. x = cost, y = tant 
12. Find parametric equations for the given curve. 
a. Line through (1, —2) with slope 3 
b. « - D2 + (y+ 27 = 9 
ce y= 42 -—x 
d. 9x? + 4y? = 36 
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Lengths of Curves 
Find the lengths of the curves in Exercises 13-19. 


13. y= x'? — (1/3), 1Lsxs4 

14.x=y, l<y<8 

15. y = (5/12)x9/5 — (5/8)x45, 1 <x S 32 

16. x = (y3/12) + (/y), 1sys2 

17. x = 5cost—cos5t, y=S5sint—sin5t 0S ts 7/2 
18. x=P-6P, y=P+ 6°, O=t=1 

19. x = 3cos@, y= 3sin0, ose=@ 


20. Find the length of the enclosed loop x = #7, y = (/3) - t 
shown here. The loop starts at t = — V3 and ends at t = V3. 


it t>0 


—{F ts i 
Surface Areas 


Find the areas of the surfaces generated by revolving the curves in 
Exercises 21 and 22 about the indicated axes. 


2. x= 2/2, y = 21, 0<1r< V5; xaxis 
22. x= + 1/(20, y=4Vi1, hiya = tis y-axis 


Polar to Cartesian Equations 
Sketch the lines in Exercises 23-28. Also, find a Cartesian equation 
for each line. 


23. reos (a +7) = 2V3 24. reos (a - 3) = V2 


4 2 
25. r = 2sec 0 26. r= —V2 sec 0 
27. r = —(3/2) esc 0 28. r = (3V3) csc 0 


Find Cartesian equations for the circles in Exercises 29-32. Sketch 
each circle in the coordinate plane and label it with both its Cartesian 
and polar equations. 


29. r= —4sin@ 
31. r = 2V2cos 0 


30. r = 3V3 sin@ 
32. r = —6cos 0 


Cartesian to Polar Equations 
Find polar equations for the circles in Exercises 33-36. Sketch each 
circle in the coordinate plane and label it with both its Cartesian and 
polar equations. 

33. x? + y? + Sy =0 
35. x? + y? — 3x = 0 


34. x + y? - 2y =0 
36. x + y? + 4x = 0 


Graphs in Polar Coordinates 
Sketch the regions defined by the polar coordinate inequalities in 
Exercises 37 and 38. 


37.0 = rs 6cosé 38. —4sind=r=0 


Match each graph in Exercises 39-46 with the appropriate equation 
(a)-(1). There are more equations than graphs, so some equations will 
not be matched. 


- _ _ 6 
a. r = cos 20 b. rcosé = 1 Se ad Se 
d. r = sin 26 er=0 f. r? = cos 20 
_ ae aa 2 
g. r= 1+ cosé h. r= 1 —- sin@ ie Po ae 
j. r? = sin 20 k. r = —sin 0 L r=2cosd+ 1 
39. Four-leaved rose 40. Spiral 


y 
y A 
>X 
41. Limacon 42. Lemniscate 
y y 
A 
OO 
> X 
43. Circle 44. Cardioid 


45. Parabola 46. Lemniscate 


y 
- . 
Area in Polar Coordinates 


Find the areas of the regions in the polar coordinate plane described in 
Exercises 47-50. 


47. Enclosed by the limacgon r = 2 — cos 0 


48. Enclosed by one leaf of the three-leaved rose r = sin 30 

49. Inside the “figure eight” r = 1 + cos 20 and outside the circle 
r=1 

50. Inside the cardioid r= 2(1 + sin @) and outside the circle 
r= 2sin0 


Length in Polar Coordinates 
Find the lengths of the curves given by the polar coordinate equations 
in Exercises 51-54. 


51. r= —1 + cos 

52. r= 2sin0+ 2cos#, 0S 605 7/2 
53. r = 8sin3(0/3), 0<0< 7/4 

54. r= V1 + cos20, —7/2=0< 7/2 


Graphing Conic Sections 
Sketch the parabolas in Exercises 55-58. Include the focus and direc- 
trix in each sketch. 


55. x? = —4y 56. x? = 2y 
57. y* = 3x 58. y? = —(8/3)x 
Find the eccentricities of the ellipses and hyperbolas in Exercises 


59-62. Sketch each conic section. Include the foci, vertices, and 
asymptotes (as appropriate) in your sketch. 


59, 16x2 + Fy? = 112 60. 2+ 2 =4 
61. 3x7 -— y= 62. Sy? — 4x” = 20 


Exercises 63-68 give equations for conic sections and tell how many 
units up or down and to the right or left each curve is to be shifted. 
Find an equation for the new conic section, and find the new foci, 
vertices, centers, and asymptotes, as appropriate. If the curve is a 
parabola, find the new directrix as well. 


63. x? =—12y, right2,up3 64. y? = 10x, left 1/2, down 1 


65 ar aS left 3, down 5 
"9 25 , : 

x y ‘ 

66. 169 * ‘4a 1, right 5, up 12 
2 2 

67. 7- <= 1, right 2, up2V2 
ey - 

68. a6. 6 1, left 10, down 3 


Identifying Conic Sections 

Complete the squares to identify the conic sections in Exercises 69-76. 
Find their foci, vertices, centers, and asymptotes (as appropriate). If the 
curve is a parabola, find its directrix as well. 

69. x? — 4x — 4y? = 0 70. 4x7 —y? + 4y = 8 

71. y? — 2y + 16x = —49 72. x? — 2x + 8y =-17 
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73. 9x? + l6y? + 54x — 64y = -1 
74, 25x + 9y? — 100x + 54y = 44 
75. x? +y?—-2%x-2y=0 76x +y? + 4x 4+ 2y=1 


Conics in Polar Coordinates 

Sketch the conic sections whose polar coordinate equations are given 
in Exercises 77-80. Give polar coordinates for the vertices and, in the 
case of ellipses, for the centers as well. 


_ 2 _ 8 
ee ea ery: 180 PO. coup 
= 6 = 12 
na ee: a Same ae 


Exercises 81—84 give the eccentricities of conic sections with one 
focus at the origin of the polar coordinate plane, along with the direc- 
trix for that focus. Find a polar equation for each conic section. 


81. e = 2, rcosd=2 
82. e=1, rcosd@=—4 
1/2, rsin@ = 2 
84. e = 1/3, rsind =—6 


le) 

» 

° 
ll 


Theory and Examples 

85. Find the volume of the solid generated by revolving the region 
enclosed by the ellipse 9x7 + 4y? = 36 about (a) the x-axis, 
(b) the y-axis. 

86. The “triangular” region in the first quadrant bounded by the 
x-axis, the line x = 4, and the hyperbola 9x? — 4y* = 36 is 
revolved about the x-axis to generate a solid. Find the volume of 
the solid. 


87. Show that the equations x = rcos 6, y = rsin@ transform the 
polar equation 


k 


"T+ ecosd 


into the Cartesian equation 


k? = 0. 


(1 — e?)x? + y? + 2kex 


88. Archimedes spirals The graph of an equation of the form 
r = aQ, where a is a nonzero constant, is called an Archimedes 
spiral. Is there anything special about the widths between the suc- 
cessive turns of such a spiral? 
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Finding Conic Sections 
1. Find an equation for the parabola with focus (4, 0) and directrix 
x = 3. Sketch the parabola together with its vertex, focus, and 
directrix. 


2. Find the vertex, focus, and directrix of the parabola 
x? — 6x — 12y+9=0. 
3. Find an equation for the curve traced by the point P(x, y) if the 


distance from P to the vertex of the parabola x? = 4y is twice the 
distance from P to the focus. Identify the curve. 


4. A line segment of length a + b runs from the x-axis to the y-axis. 
The point P on the segment lies a units from one end and b units 
from the other end. Show that P traces an ellipse as the ends of 
the segment slide along the axes. 


5. The vertices of an ellipse of eccentricity 0.5 lie at the points 
(0, +2). Where do the foci lie? 


6. Find an equation for the ellipse of eccentricity 2/3 that has the 
line x = 2 as a directrix and the point (4, 0) as the corresponding 
focus. 
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7. One focus of a hyperbola lies at the point (0, —7) and the corre- 
sponding directrix is the line y = —1. Find an equation for the 
hyperbola if its eccentricity is (a) 2, (b) 5. 


8. Find an equation for the hyperbola with foci (0,—2) and (0, 2) 
that passes through the point (12, 7). 


9. Show that the line 
b’xx, + ayy, — a’b? = 0 
is tangent to the ellipse b2x* + a*y* — a*b* = 0 at the point 
(x;, y;) on the ellipse. 
10. Show that the line 
b’xx, — ayy, — ab? = 0 
is tangent to the hyperbola b*x? — a*y? — a*b* = 0 at the point 
(x,, ¥,) on the hyperbola. 


Equations and Inequalities 
What points in the xy-plane satisfy the equations and inequalities in 
Exercises 11-16? Draw a figure for each exercise. 


11. (xX? — y? — 1)(x? + y? — 25) (x? + 4? — 4) = 0 
12 @wt+y(et+y- 1) =0 

13. (x7/9) + (57/16) = 1 

14. (x7/9) — (57/16) = 1 

15. (9x? + 4y? — 36)(4x? + 9y? — 16) = 0 

16. (9x? + 4y? — 36)(4x? + 9y? — 16) > 0 


Polar Coordinates 
17. a. Find an equation in polar coordinates for the curve 


2t 


x=ecost, y=e*sint, -O<t<o, 


b. Find the length of the curve from ¢ = 0 to t = 27. 


18. Find the length of the curve r = 2 sin3(0/3),0 < @ S 37, in the 
polar coordinate plane. 


Exercises 19-22 give the eccentricities of conic sections with one 
focus at the origin of the polar coordinate plane, along with the direc- 
trix for that focus. Find a polar equation for each conic section. 


19. e=2, rcosd=2 20. e= 1, rcos@ = —4 
21. e= 1/2, rsin@d=2 22. e = 1/3, rsind =—6 


Theory and Examples 

23. Epicycloids When a circle rolls externally along the circumfer- 
ence of a second, fixed circle, any point P on the circumference 
of the rolling circle describes an epicycloid, as shown here. Let 
the fixed circle have its center at the origin O and have radius a. 


\o 


>Xx 
O 'A(a, 0) 


Let the radius of the rolling circle be b and let the initial position 
of the tracing point P be A(a, 0). Find parametric equations for 
the epicycloid, using as the parameter the angle 6 from the posi- 
tive x-axis to the line through the circles’ centers. 


24. Find the centroid of the region enclosed by the x-axis and the 
cycloid arch 


x=a(t—sint), y=al-cost); 0St S 2a. 


The Angle Between the Radius Vector and the Tangent Line to a 
Polar Coordinate Curve In Cartesian coordinates, when we want 
to discuss the direction of a curve at a point, we use the angle ¢@ mea- 
sured counterclockwise from the positive x-axis to the tangent line. In 
polar coordinates, it is more convenient to calculate the angle w from 
the radius vector to the tangent line (see the accompanying figure). 
The angle ¢ can then be calculated from the relation 


p=O+ yp, (1) 
which comes from applying the Exterior Angle Theorem to the trian- 
gle in the accompanying figure. 


y 
A 


Suppose the equation of the curve is given in the form r = f(0), 
where f(@) is a differentiable function of 0. Then 


x=rcos@ and y=rsin0d (2) 


are differentiable functions of 6 with 


dx _ : dr 
6 rsin@ + cos 0775. 
dy _ satan Ae 
6 rcos@ + sin oo: (3) 
Since / = @ — @ from (1), 
_ dn tan @ — tané 
i Ce ) 1 + tan dtan@" 
Furthermore, 
; _ dy _ dy/d0 
a ela 
because tan ¢ is the slope of the curve at P. Also, 
tan @ = a 
Hence 
dy/ db _% a) ros 
dx/do * dodo 
ane i do > do 4) 


ydy/d0 dx ay" 
Xdx/d0 do > do 


The numerator in the last expression in Equation (4) is found from 
Equations (2) and (3) to be 


Similarly, the denominator is 
ae, dr 
do >do "do" 
When we substitute these into Equation (4), we obtain 


r 


hae 


(5) 


This is the equation we use for finding y as a function of 6. 


25. Show, by reference to a figure, that the angle B between the tan- 
gents to two curves at a point of intersection may be found from 
the formula 


tan vw, — tan yy, 
1 + tan y, tan wy 


tan B = (6) 


When will the two curves intersect at right angles? 


26. 
27. 


28. 


29. 


30. 
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Find the value of tan y for the curve r = sin*(6/4). 


Find the angle between the radius vector to the curve r= 
2a sin 36 and its tangent when 0 = 77/6. 


a. Graph the hyperbolic spiral r@ = 1. What appears to happen 
to & as the spiral winds in around the origin? 


b. Confirm your finding in part (a) analytically. 


The circles r = V3 cos @ and r = sin@ intersect at the point 
(V3 /2, 7/3 " Show that their tangents are perpendicular there. 


Find the angle at which the cardioid r = a(1 — cos @) crosses 
the ray 0 = 77/2. 
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Mathematica / Maple Modules: 


Radar Tracking of a Moving Object 
Part I: Convert from polar to Cartesian coordinates. 


Parametric and Polar Equations with a Figure Skater 


Part I: Visualize position, velocity, and acceleration to analyze motion defined by parametric equations. 
Part II: Find and analyze the equations of motion for a figure skater tracing a polar plot. 


SS SS 
So 
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WS Vectors and the 


Geometry of Space 


OVERVIEW This chapter is foundational to the study of multivariable calculus. To apply 
calculus in many real-world situations and in higher mathematics, we need an analytic 
geometry to describe three-dimensional space. To accomplish this objective, we introduce 
three-dimensional coordinate systems and vectors. Building on what we already know 
about coordinates in the xy-plane, we establish coordinates in space by adding a third axis 
that measures distance above and below the xy-plane. Then we define vectors and use 
them to study the analytic geometry of space. Vectors provide simple ways to define 
equations for lines, planes, curves, and surfaces in space. We use these geometric concepts 
throughout the remainder of the text to study motion in space and the calculus of functions 
of several variables and vector fields, with their many important applications in science, 
engineering, operations research, economics, and higher mathematics. 


1 Z ‘é 1 Three-Dimensional Coordinate Systems 


nN 


\ I 


Zz = constant 


(0, 0, z) ; 
(0, y, z) 


(x, 0, z) 


y = constant 


xX = constant (x, y, 0) 


FIGURE 12.1 The Cartesian coordinate 
system is right-handed. 
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To locate a point in space, we use three mutually perpendicular coordinate axes, arranged 
as in Figure 12.1. The axes shown there make a right-handed coordinate frame. When you 
hold your right hand so that the fingers curl from the positive x-axis toward the positive 
y-axis, your thumb points along the positive z-axis. So when you look down on the xy- 
plane from the positive direction of the z-axis, positive angles in the plane are measured 
counterclockwise from the positive x-axis and around the positive z-axis. (In a left-handed 
coordinate frame, the z-axis would point downward in Figure 12.1 and angles in the plane 
would be positive when measured clockwise from the positive x-axis. Right-handed and 
left-handed coordinate frames are not equivalent.) 

The Cartesian coordinates (x, y, z) of a point P in space are the values at which the 
planes through P perpendicular to the axes cut the axes. Cartesian coordinates for space 
are also called rectangular coordinates because the axes that define them meet at right 
angles. Points on the x-axis have y- and z-coordinates equal to zero. That is, they have 
coordinates of the form (x, 0, 0). Similarly, points on the y-axis have coordinates of the 
form (0, y, 0), and points on the z-axis have coordinates of the form (0, 0, z). 

The planes determined by the coordinates axes are the xy-plane, whose standard 
equation is z = 0; the yz-plane, whose standard equation is x = 0; and the xz-plane, 
whose standard equation is y = 0. They meet at the origin (0, 0, 0) (Figure 12.2). The 
origin is also identified by simply 0 or sometimes the letter O. 

The three coordinate planes x = 0, y = 0, and z = 0 divide space into eight cells 
called octants. The octant in which the point coordinates are all positive is called the first 
octant; there is no convention for numbering the other seven octants. 

The points in a plane perpendicular to the x-axis all have the same x-coordinate, this 
being the number at which that plane cuts the x-axis. The y- and z-coordinates can be any 
numbers. Similarly, the points in a plane perpendicular to the y-axis have a common 
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z 


N 


R (0,0,5) | (2,3, 5) 
xz-plane: y = 0 Line y = 3,z = 


/ ——_— 


es _y yz-plane: x = 0 
y, Plane x = 2 


¥ r pigneges 


Line x = 2,z=5 


xy-plane: z = 0 | | conte ~~ i plane y= 3 
» SSi0iZs (0, 3, 0) 
(0, 0, 0) | 
x 


Line x = 2, y = 3 


FIGURE 12.2 The planes x = 0, y = 0, and z = 0 divide FIGURE 12.3 The planes x = 2, y = 3, and 
space into eight octants. z = 5 determine three lines through the point (2, 3, 5). 


Zz 
7 The circle 
ve+y=4,7=3 


(0, 2, 3) 


\ 
The plane 
e=2 
(0, 2, 0) 


(2, 0, 0) —Y 


FIGURE 12.4 The circle x? + y? = 4 
in the plane z = 3 (Example 2). 


y-coordinate and the points in a plane perpendicular to the z-axis have a common z-coordi- 
nate. To write equations for these planes, we name the common coordinate’s value. The 
plane x = 2 is the plane perpendicular to the x-axis at x = 2. The plane y = 3 is the 
plane perpendicular to the y-axis at y = 3. The plane z = 5 is the plane perpendicular to 
the z-axis at z = 5. Figure 12.3 shows the planes x = 2, y = 3, and z = 5, together with 
their intersection point (2, 3, 5). 

The planes x = 2 and y = 3 in Figure 12.3 intersect in a line parallel to the z-axis. 
This line is described by the pair of equations x = 2, y = 3. A point (x, y, z) lies on the 
line if and only if x = 2 and y = 3. Similarly, the line of intersection of the planes y = 3 
and z = 5 is described by the equation pair y = 3, z = 5. This line runs parallel to the 
x-axis. The line of intersection of the planes x = 2 and z = 5, parallel to the y-axis, is 
described by the equation pair x = 2,z = 5. 

In the following examples, we match coordinate equations and inequalities with the 
sets of points they define in space. 


EXAMPLE 1 We interpret these equations and inequalities geometrically. 
(a) z20 The half-space consisting of the points on and above 
the xy-plane. 


(b) x = —-3 The plane perpendicular to the x-axis at x = —3. This 
plane lies parallel to the yz-plane and 3 units behind it. 


V 


(ec) z=0,x=0,y The second quadrant of the xy-plane. 


(d) x2=0,y20,z= The first octant. 

(e) -l=y=l The slab between the planes y=—-—I1 and y= 1 
(planes included). 

f) y=-2,z=2 The line in which the planes y = —2 and z = 2 inter- 
sect. Alternatively, the line through the point (0, —2, 2) 
parallel to the x-axis. a 


EXAMPLE 2 What points P(x, y, z) satisfy the equations 
er+y=4 and 7=3? 
Solution The points lie in the horizontal plane z = 3 and, in this plane, make up the 


circle x? + y* = 4. We call this set of points “the circle x? + y* = 4 in the plane z = 3” 
or, more simply, “the circle x7 + y? = 4, z = 3” (Figure 12.4). | 
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z 
A 


PX, Yy, 21) — Po(Xp, Yo, Za) 


B(Xp, Yo, 21) 
A(X, Y15 21) 


FIGURE 12.5 We find the distance 
between P, and P, by applying the 


Pythagorean theorem to the right 
triangles P,AB and P, BP). 


x 


FIGURE 12.6 The sphere of radius a 


centered at the point (Xo, yo, Zo)- 
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Distance and Spheres in Space 


The formula for the distance between two points in the xy-plane extends to points in space. 


The Distance Between P,(x,, yj, Z,) and P,(x2, y2, Z2) 


IP.PB| = Von — um? + Or — yw? + & — uP 


Proof We construct a rectangular box with faces parallel to the coordinate planes and 
the points P, and P; at opposite corners of the box (Figure 12.5). If AQ, y;, z,;) and 
B(x, y2, Z1) are the vertices of the box indicated in the figure, then the three box edges 
P,A, AB, and BP, have lengths 


> |AB| ly» ~Y 


Because triangles P, BP, and P,AB are both right-angled, two applications of the Pythago- 
rean theorem give 


|P,P,|? = |P,Bl? + |BP,|? and |P,B|? = |P,A|? + |AB|? 


|P,A| = lat, XxX, 


, |BP,| = |z - al. 


(see Figure 12.5). So 
|P.P|? = |pBl? + |BP,|? 
Substitute 
= |P,A|? + |AB|? + |BP,|? |P,B|? = |P,A|? + |ABl2. 
= |x — x]? + lw — wl? + la - al? 
=()-—mPtom-wPrt@- ay. 


Therefore 


IA.P| = Va_ — 1 + On — wy)? + & — | 


EXAMPLE 3 The distance between P,(2, 1,5) and P;(—2, 3, 0) is 
|P.P,| = V2 -— 2? +B - 1% + 0 — 5? 
= Vi6+44 35 
= V45 ~ 6.708. = 


We can use the distance formula to write equations for spheres in space (Figure 12.6). 
A point P(x, y, z) lies on the sphere of radius a centered at Py(Xo, yo, Zo) precisely when 
|AyP| = aor 


G=- my +O — yr + e— ar =e. 


The Standard Equation for the Sphere of Radius a and Center (x9, yo, Zo) 


@- mr +O-wWr+E-“Hr=aa 


EXAMPLE 4 Find the center and radius of the sphere 
Pty te + ara t+ 1 HO 


Solution We find the center and radius of a sphere the way we find the center and radius 
of a circle: Complete the squares on the x-, y-, and z-terms as necessary and write each 
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quadratic as a squared linear expression. Then, from the equation in standard form, read 
off the center and radius. For the sphere here, we have 


x+y t+ e+ 35 —42+1=0 


(x? + 3x) +y? + (2 — 4z) =-1 


(tsace (a) )exe (eat (Gy) 1+ (2) +) 


BY od i Dy gt 8 
(<+3) ye (z= 2) Lage 7: 
From this standard form, we read that x) = —3/2, yp = 0, z = 2, anda = V21/2. The 
center is (3/2, 0, 2). The radius is V 21/2. | 
EXAMPLE 5 Here are some geometric interpretations of inequalities and equations 


involving spheres. 
(a) r+ y4+2<4 
(b) P+ y4+2s4 


() r+tyt+2>4 
(dd) r+yt+2= 


| 
> 
N 
IA 
S 


The interior of the sphere x? + y? + 2? = 4. 

The solid ball bounded by the sphere x? + y* + 

2’ = 4. Alternatively, the sphere x? + y? + 77 = 

4 together with its interior. 

The exterior of the sphere x7 + y? + 2? = 4. 

The lower hemisphere cut from the sphere x? + 

y’? + 2 =4 by the xy-plane (the plane z = 0). 
a 


Just as polar coordinates give another way to locate points in the xy-plane (Section 
11.3), alternative coordinate systems, different from the Cartesian coordinate system 
developed here, exist for three-dimensional space. We examine two of these coordinate 


systems in Section 15.7. 


Exercises 12.1) 


Geometric Interpretations of Equations 
In Exercises 1-16, give a geometric description of the set of points in 
space whose coordinates satisfy the given pairs of equations. 
1x=2, y=3 2.x=-l1, z=0 
3. y=0, z= 4,.x=1, y=0 
6 
8 


5 xP +y=4, z= ~ert+y=4, 2=-2 
7P4+ 7 =4, y= 


BS y? ag 2 


ll 


1, x=0 


bo 
— 
to 
N 
is) 
| 
Py 
| 
Oo 


nN Ne 
-w 
Nn Nn 
RN 
+ il 
w oN 
See n 
Ug 
N 
il 
N £ 
| 
° 


i) 
i) 
| 


i) 
< 
i) 
N 
Nu 
| 
oa 
< 
| 
= 


— 
Ne 
i Ee Oe Oe ee oe 
ll 
4 ee 
. Se 
N 
I S 
N 
No 
| 
- 
“ 
| 
So 


ll 
< 
tad 
ll 


Geometric Interpretations of Inequalities and Equations 

In Exercises 17—24, describe the sets of points in space whose coordi- 
nates satisfy the given inequalities or combinations of equations and 
inequalities. 


l70ax2=0, y2=O, z=0 bx=0, ys=0, z=0 


18.a0=x=1 b OSx=1, OSy=1 
Ge O=7= 1, V=y=1, C= z=1 
Wa rt+y+Z=l bh rty+2>1 
20.axr%+y<1, z=0 bxt+y<=1, 2=3 
c. x? + y? <= 1, norestriction on z 
Wa larry t ees 
bwrty+e<l1, 220 
22,.ax=y, z=0 b. x = y, no restriction on z 
23.a.y2=x7, ~20 bxsy, 05752 
24. a. z= 1-—y, no restriction on x 
b. 


gay 2 
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In Exercises 25-34, describe the given set with a single equation or 
with a pair of equations. 


25. The plane perpendicular to the 
a. x-axis at (3, 0, 0) 
c. z-axis at (0, 0, —2) 


b. y-axis at (0, —1, 0) 


26. The plane through the point (3, —1, 2) perpendicular to the 
a. x-axis C. Z-axis 


27. The plane through the point (3, —1, 1) parallel to the 


b. y-axis 


a. xy-plane b. yz-plane c. xz-plane 


28. The circle of radius 2 centered at (0, 0, 0) and lying in the 


a. xy-plane b. yz-plane c. xz-plane 


29. The circle of radius 2 centered at (0, 2, 0) and lying in the 


a. xy-plane b. yz-plane c. plane y = 2 
30. The circle of radius 1 centered at (—3, 4, 1) and lying in a plane 


parallel to the 


a. xy-plane b. yz-plane c. xz-plane 


31. The line through the point (1, 3, —1) parallel to the 


a. X-axis b. y-axis C. Z-axis 

32. The set of points in space equidistant from the origin and the 
point (0, 2, 0) 

33. The circle in which the plane through the point (1, 1, 3) perpen- 
dicular to the z-axis meets the sphere of radius 5 centered at the 
origin 

34. The set of points in space that lie 2 units from the point (0, 0, 1) 
and, at the same time, 2 units from the point (0, 0, —1) 


Inequalities to Describe Sets of Points 
Write inequalities to describe the sets in Exercises 35—40. 


35. The slab bounded by the planes z= 0 and z= 1 (planes 
included) 


36. The solid cube in the first octant bounded by the coordinate 
planes and the planes x = 2, y = 2, and z = 2 


37. The half-space consisting of the points on and below the xy-plane 


38. The upper hemisphere of the sphere of radius 1 centered at the 
origin 

39. The (a) interior and (b) exterior of the sphere of radius 1 centered 
at the point (1, 1, 1) 

40. The closed region bounded by the spheres of radius | and radius 2 
centered at the origin. (Closed means the spheres are to be 
included. Had we wanted the spheres left out, we would have 
asked for the open region bounded by the spheres. This is analo- 
gous to the way we use closed and open to describe intervals: 
closed means endpoints included, open means endpoints left out. 
Closed sets include boundaries; open sets leave them out.) 


Distance 

In Exercises 41—46, find the distance between points P, and P. 
41. Pd, 1, 1), P,(3, 3, 0) 

42. P(—1,1,5), P(2, 5, 0) 

43. P,(1, 4, 5), P,(4, -2, 7) 


44. P,(3, 4,5), P,(2, 3, 4) 
45. P,(0, 0, 0), P,(2, —2, —2) 
46. P\(5,3,—2), P,(0, 0, 0) 
Spheres 


Find the centers and radii of the spheres in Exercises 47-50. 
47. (x + 27 2yr = 8 


e+e 


2, 
48. (x — 1)? (> :) t (c+ 3)2 = 25 


Find equations for the spheres whose centers and radii are given in 
Exercises 51-54. 


Center Radius 
51. (1, 2, 3) Vi14 
52. (0,—1, 5) 2 
1. 2 4 
53. (-1.4.-3) 9 
54. (0, —7, 0) 7 


Find the centers and radii of the spheres in Exercises 55-58. 
55. xP +y4+24+ 4x —-42=0 

56. xP + y+ 2 - by + 8 =0 

57, 2? + 2y 4+ 227% +x4+yt+72=9 

58. 3x7 + 3y? + 32° + 2y — 27 = 9 


Theory and Examples 
59. Find a formula for the distance from the point P(x, y, z) to the 
C. Z-axis. 


a. x-axis. b. y-axis. 


60. Find a formula for the distance from the point P(x, y, z) to the 
a. xy-plane. 


b. yz-plane. c. xz-plane. 


61. Find the perimeter of the triangle with vertices A(—1, 2, 1), 
B(, -1, 3), and C3, 4, 5). 

62. Show that the point P(3, 1, 2) is equidistant from the points 
A(2, —1, 3) and B(4, 3, 1). 

63. Find an equation for the set of all points equidistant from the 
planes y = 3 andy = —1. 

64. Find an equation for the set of all points equidistant from the 
point (0, 0, 2) and the xy-plane. 

65. Find the point on the sphere x* + (y — 3)? + (z+ 5 =4 
nearest 


a. the xy-plane. b. the point (0, 7, —5). 


66. Find the point equidistant from the points (0, 0, 0), (0, 4, 0), 
(3, 0, 0), and (2, 2, —3). 


1 2 ° 2 Vectors 


Terminal 
point 


Initial 
point 


FIGURE 12.7 The directed line 
segment AB is called a vector. 


E 


FIGURE 12.9 The four arrows in the 
plane (directed line segments) shown here 
have the same length and direction. They 
therefore represent the same vector, and 
we write AB = CD = OP = EF. 


z Q(X, V2, Z2) 
P(x), y i. 
ae Position vector (V1, V2» V3) 
of PQ 


V = (Vy, V2, V3) 


FIGURE 12.10 A vector PO in stan- 
dard position has its initial point at the 
origin. The directed line segments PO and 
v are parallel and have the same length. 
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Some of the things we measure are determined simply by their magnitudes. To record 
mass, length, or time, for example, we need only write down a number and name an appro- 
priate unit of measure. We need more information to describe a force, displacement, or 
velocity. To describe a force, we need to record the direction in which it acts as well as 
how large it is. To describe a body’s displacement, we have to say in what direction it 
moved as well as how far. To describe a body’s velocity, we have to know where the body 
is headed as well as how fast it is going. In this section we show how to represent things 
that have both magnitude and direction in the plane or in space. 


Component Form 


A quantity such as force, displacement, or velocity is called a vector and is represented by 
a directed line segment (Figure 12.7). The arrow points in the direction of the action and 
its length gives the magnitude of the action in terms of a suitably chosen unit. For exam- 
ple, a force vector points in the direction in which the force acts and its length is a measure 
of the force’s strength; a velocity vector points in the direction of motion and its length is 
the speed of the moving object. Figure 12.8 displays the velocity vector v at a specific 
location for a particle moving along a path in the plane or in space. (This application of 
vectors is studied in Chapter 13.) 


> 
= >Xx 0 >y 
0| : 
—_— 
x 


(b) three dimensions 


(a) two dimensions 


FIGURE 12.8 The velocity vector of a particle moving along a path 
(a) in the plane (b) in space. The arrowhead on the path indicates the 
direction of motion of the particle. 


DEFINITIONS The vector represented by the directed line segment / AB has 
initial point A and terminal point B and its length is denoted by |AB|. Two 
vectors are equal if they have the same length and direction. 


The arrows we use when we draw vectors are understood to represent the same vector 
if they have the same length, are parallel, and point in the same direction (Figure 12.9) 
regardless of the initial point. 

In textbooks, vectors are usually written in lowercase, boldface letters, for example u, 
v, and w. Sometimes we use uppercase boldface letters, such as F, to denote a force vector. 
In handwritten form, it is customary to draw small arrows above the letters, for example u, 
v, w, and F. 

We need a way to represent vectors algebraically so that we can be more precise about 
the direction of a vector. Let v = PO. There is one directed line segment equal to PO 
whose initial point is the origin (Figure 12.10). It is the representative of v in standard 
position and is the vector we normally use to represent v. We can specify v by writing the 
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coordinates of its terminal point (1, v2, v3) when v is in standard position. If v is a vector 
in the plane its terminal point (v;, v2) has two coordinates. 


DEFINITION If v is a two-dimensional vector in the plane equal to the vector 
with initial point at the origin and terminal point (v;, v2), then the component 
form of v is 


V = (Vj, V2). 


If v is a three-dimensional vector equal to the vector with initial point at the ori- 
gin and terminal point (v;, v2, v3), then the component form of v is 


V = (Vj, V2, V3). 


So a two-dimensional vector is an ordered pair v = (vj), v2) of real numbers, and a 
three-dimensional vector is an ordered triple v = (vj, v2, v3) of real numbers. The num- 
bers vj, V2, and v3 are the components of v. _ 

If v = (vj, vo, v3) is represented by the directed line segment PQ, where the initial 
point is P(x), yj, Z,;) and the terminal point is Q(%9, yo, Z), then x, + vy = xX, y) + Vo = J, 
and Z; + v3 = Z (see Figure 12.10). Thus, vy) = x) — x1, v2 = yy — Wy, and v3 = % — % 
are the components of PQ. 

In summary, given the points P(x, y;, Z;) and Q(x, y2, Zz), the standard position vec- 
tor Vv = (vj, v2, v3) equal to PQ is 


V = (2 — X32 — Yume %)- 


If v is two-dimensional with P(x), y,) and Q(x, y2) as points in the plane, then 
v = (xX) — |, — y,). There is no third component for planar vectors. With this under- 
standing, we will develop the algebra of three-dimensional vectors and simply drop the 
third component when the vector is two-dimensional (a planar vector). 

Two vectors are equal if and only if their standard position vectors are identical. Thus 
(Uy, U2, U3) and (V;, v2, v3) are equal if and only if uy) = vj, uw. = v2, and u3 = V3. 

The magnitude or length of the vector PQ is the length of any of its equivalent 
directed line segment representations. In particular, if v = (xX) — x1, — Vp. — %) is 
the standard position vector for PQ, then the distance formula gives the magnitude or 
length of v, denoted by the symbol |v| or lv. 


The magnitude or length of the vector v = PO is the nonnegative number 
|v] = Vv? + v2? + v3? = Veq — mP + Oy — WP t+ & — 2? 
(see Figure 12.10). 


The only vector with length 0 is the zero vector 0 = (0,0) or 0 = (0,0,0). This 
vector is also the only vector with no specific direction. 


EXAMPLE 1 Find the (a) component form and (b) length of the vector with initial 
point P(—3, 4, 1) and terminal point Q(—S, 2, 2). 


Solution 


(a) The standard position vector v representing PQ has components 


Vy = ky = y= 3D = C3) = =2, W2=y—y=2-4= —2, 


Hoo 3 


FIGURE 12.11 The force pulling the 
cart forward is represented by the vector 
F whose horizontal component is the 
effective force (Example 2). 
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and 
WH ee ye 2a 1S. 
The component form of PO is 
v= (-2,-2,1). 
(b) The length or magnitude of v = PO is 
y= Vem + ely + ay = v9 = 3. = 


EXAMPLE 2 A small cart is being pulled along a smooth horizontal floor with a 20-Ib 
force F making a 45° angle to the floor (Figure 12.11). What is the effective force moving 
the cart forward? 


Solution The effective force is the horizontal component of F = (a, b), given by 


V2 


a = |F|cos45° = eo ¥2) =~ 14.14 lb. 


Notice that F is a two-dimensional vector. B 


Vector Algebra Operations 


Two principal operations involving vectors are vector addition and scalar multiplication. 
A scalar is simply a real number, and is called such when we want to draw attention to its 
differences from vectors. Scalars can be positive, negative, or zero and are used to “scale” 
a vector by multiplication. 


DEFINITIONS Let u = (uw, u,u3) and v = (vj, v5, v3) be vectors with k a 
scalar. 


Addition: 
Scalar multiplication: ku = (ku,, kip, kuz) 


utv= (uy, + Vj, u + vy, Uz + V3) 


We add vectors by adding the corresponding components of the vectors. We multiply 
a vector by a scalar by multiplying each component by the scalar. The definitions apply to 
planar vectors except there are only two components, (wu), uy) and (vj, v2). 

The definition of vector addition is illustrated geometrically for planar vectors in Fig- 
ure 12.12a, where the initial point of one vector is placed at the terminal point of the other. 
Another interpretation is shown in Figure 12.12b (called the parallelogram law of 


y 2; 
a A 


(uy + vy, Uz + vo) 


> XxX 


(a) (b) 


FIGURE 12.12 (a) Geometric interpretation of the vector sum. (b) The parallelogram law 
of vector addition in which both vectors are in standard position. 
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eK 


FIGURE 12.13 Scalar multiples of u. 


FIGURE 12.14 (a) The vector 
u — v, when added to vy, gives u. 
(b)u-v=u+t (vy). 


addition), where the sum, called the resultant vector, is the diagonal of the parallelogram. 
In physics, forces add vectorially as do velocities, accelerations, and so on. So the force 
acting on a particle subject to two gravitational forces, for example, is obtained by adding 
the two force vectors. 

Figure 12.13 displays a geometric interpretation of the product ku of the scalar k and 
vector u. If k > 0, then ku has the same direction as u; if kK < 0, then the direction of ku 
is opposite to that of u. Comparing the lengths of u and ku, we see that 


[kul = V(ku,)? + (kup)? + (kg? = Vk7(uy2 + uy? + U5?) 
= VeV U2 + U> + u3> = |k| ul. 


The length of ku is the absolute value of the scalar k times the length of u. The vector 
(—1)u = —w has the same length as u but points in the opposite direction. 
The difference u — v of two vectors is defined by 


u-v=u+(-y). 


Ifu = (uy, Uy, U3 ) and v = (vy, V2, v3), then 


u v= (uy Vj, Ud V2, U3 V3). 


Note that (u — v) + v = u, so adding the vector (u — v) to v gives u (Figure 12.14a). 
Figure 12.14b shows the difference u — v as the sum u + (—y). 


EXAMPLE 3 Let u = (—1,3,1) and v = (4,7, 0). Find the components of 


ia 243, hace © bu 


Solution 


(a) 2u + 3v = 2(-1,3,1) + 3(4,7,0) = (—2,6,2) + (12,21,0) = (10,27, 2) 
(b) u— v= (-1,3,1) - (4,7,0) = (-1-4,3-7,1—-0) = (-5,-4,1) 


ER = + + Ol -ve : 


Vector operations have many of the properties of ordinary arithmetic. 


(©) bu 


Properties of Vector Operations 
Let u, v, w be vectors and a, b be scalars. 


lut+v=vtu 2, (u+v)+w=u+t(v+w) 
3.u+0=u 4.u+ (-u) =0 

5. Ou = 0 6. lu=u 

7. a(bu) = (abyu 8. a(u + v) = au + av 

9. (a + b)u = au + bu 


These properties are readily verified using the definitions of vector addition and multi- 
plication by a scalar. For instance, to establish Property 1, we have 
ut v= (uy, Uy, U3) + (V1, V2, V3) 
= (uy, + Vj, Uy + V9, Uy + V3) 
= (vy, + wy, v2 + uy, v3 + U3) 
= (V1, V2, ¥3) + (Uy, Uy, U3) 


vt+u. 


< OP, = xxi + oj + ak 


Py(X2, V2, 22) 


L— Pix, 91521) 
OP, =x it y,j+ zk 


FIGURE 12.15 The vector from P, to 
Py is P,P, = (xX) — x)i + 
2 — y+  — 2k. 


HISTORICAL BIOGRAPHY 
Hermann Grassmann 


(1809-1877) 


12.2 Vectors 713 


When three or more space vectors lie in the same plane, we say they are coplanar 
vectors. For example, the vectors u, v, and u + v are always coplanar. 


Unit Vectors 


A vector v of length 1| is called a unit vector. The standard unit vectors are 
i= (1,0,0), j= (0,1,0), and k= (0,0,1). 


Any vector v = (¥j, ¥), ¥3) can be written as a linear combination of the standard unit 
vectors as follows: 
y= (1, V25 V3 ) = (14, 0, 0) + (0, V2, 0) F (0, 0, V3 ) 
= v,(1,0,0) + v(0,1,0) + v3(0, 0, 1) 
= vii + Voj + v3k. 

We call the scalar (or number) v,; the i-component of the vector v, vz the 
j-component, and v3 the k-component. In component form, the vector from P,(x, y;, Z1) 
to P(X, 2. Zp) is 

PPh = OX — xi + On — yi + G — zk 


(Figure 12.15). 
Whenever v ~ 0, its length |v| is not zero and 


ye. 


1 [= 
lv| 


That is, v/ |v| is a unit vector in the direction of v, called the direction of the nonzero 
vector Vv. 


EXAMPLE 4 Find a unit vector u in the direction of the vector from P,(1, 0, 1) to 
P,(3, 2, 0). 


Solution We divide PP, by its length: 
PP, = GB —- lit 2—-0j + O- Dk = 21+ 233 -k 
|PB| = V2? + QF + CI? = V4444+1= V9 =3 


PP 2+2j-k 2.2. 1 
u=— = 3 = 31+ 3) 3 K. 
|P,P| 


The unit vector u is the direction of P,P. Oo 


EXAMPLE 5 If v = 3i — 4j is a velocity vector, express v as a product of its speed 
times its direction of motion. 


Solution Speed is the magnitude (length) of v: 
lv] = VG? + C4? = V9 + 16 = 5. 


The unit vector v/|v| is the direction of v: 


v she Al 25 4. 
Iv| ee 
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So 


ae, 
Length Direction of motion 


(speed) 


=e «ef Sx, Ae 
v = 3i ass 4) | 


In summary, we can express any nonzero vector v in terms of its two important features, 
Seca ks th Vv 
length and direction, by writing v = Mier 
v 


If v ¥ 0, then 
v. ; ee 
1. Iv is a unit vector called the direction of v; 
v 
2. the equation v = Mier expresses v as its length times its direction. 
v 


EXAMPLE 6 A force of 6 newtons is applied in the direction of the vector 
v = 2i + 2j — k. Express the force F as a product of its magnitude and direction. 


Solution The force vector has magnitude 6 and direction a, so 


lv 
2+ 3) — ke 2i+ 2) —k 
r=6--2% 2 = 6 : 
lv} 22 + 22 + 1? 3 
fiw, Oe 1 
6(3i +3) sk) | 


Midpoint of a Line Segment 


Vectors are often useful in geometry. For example, the coordinates of the midpoint of a 
line segment are found by averaging. 


The midpoint / of the line segment joining points Pj, y,, Z,;) and P)(%, yo, Z) 
Pi YZ) is the point 
uw (ote vit ye a HYt%yM Mth Utes 
7 > 9 * @ 2” 2 ° 2 ; 
Py(X9, V2, Z2) To see why, observe (Figure 12.16) that 
OM = OP, +5 (BP) = OP, + 5 (OP, - OP,) 
1 = = 

FIGURE 12.16 The coordinates of the atm, NMtwe, ate 
midpoint are the averages of the 7 ms 2 3 * 2 


coordinates of P, and P). 


EXAMPLE 7 The midpoint of the segment joining P,(3, —2, 0) and P,(7, 4, 4) is 


34+7-2+40+4)\_ 
(344 #4044) 61,2) o 


N 
A 
v 
B30, 70 uty - 
7] 
E 
500 u 
NOT TO SCALE 


FIGURE 12.17 Vectors representing 


the velocities of the airplane u and tailwind 


v in Example 8. 


F =F,+ F, = (0,75) 


aS 


FIGURE 12.18 The suspended weight 
in Example 9. 
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Applications 


An important application of vectors occurs in navigation. 


EXAMPLE 8 A jet airliner, flying due east at 500 mph in still air, encounters a 70-mph 
tailwind blowing in the direction 60° north of east. The airplane holds its compass heading 
due east but, because of the wind, acquires a new ground speed and direction. What are 
they? 


Solution If wis the velocity of the airplane alone and v is the velocity of the tailwind, 
then |u| = 500 and |v| = 70 (Figure 12.17). The velocity of the airplane with respect to 
the ground is given by the magnitude and direction of the resultant vector u + v. If we let the 
positive x-axis represent east and the positive y-axis represent north, then the component 
forms of u and v are 


u = (500,0) and v= (70cos 60°, 70 sin 60°) = (35, 35V3). 


Therefore, 
u+v= (535,35V3) = 535i + 35V3j 
ju + v| = V5352 + (353)? ~ 538.4 
and 


Pee 


535. ~ 6.5°. 


6 = tan Figure 12.17 
The new ground speed of the airplane is about 538.4 mph, and its new direction is about 


6.5° north of east. |_| 


Another important application occurs in physics and engineering when several forces 
are acting on a single object. 


EXAMPLE 9 = A75-N weight is suspended by two wires, as shown in Figure 12.18a. 
Find the forces F, and F, acting in both wires. 


Solution The force vectors F, and F, have magnitudes IF,| and |F,| and components 
that are measured in newtons. The resultant force is the sum F, + F, and must be equal in 
magnitude and acting in the opposite (or upward) direction to the weight vector w (see 
Figure 12.18b). It follows from the figure that 


F, = (—|F|cos55°, 


F,| sin55°) and ~~ F, = (|F,|cos40°, 


F,| sin 40°). 
Since F, + F, = (0,75), the resultant vector leads to the system of equations 
—|F,| cos 55° + |F,| cos 40° = 
|F,| sin 55° + |F,| sin 40° = 75. 


Solving for |F)| in the first equation and substituting the result into the second equation, 
we get 


_ |F,| cos 55° pees |F,| cos 55° — 
| 5 | = eae and |F,| sin 55° + cos 40° in 40 vine 
It follows that 
|F,| = 2 ~ 57.67N, 


sin 55° + cos 55° tan 40° 
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and 
[F | = 75 cos 55° 
*I sin 55° cos 40° + cos 55° sin 40° 
75 cos 55° 
= = 43.18N. 
sin (55° + 40°) as 
The force vectors are then F, = (—33.08, 47.24) and F, = (33.08, 27.76). | 
Vectors in the Plane Geometric Representations 
In Exercises 1-8, let u = (3,—2) and v = (—2,5). Find the (a) In Exercises 23 and 24, copy vectors u,v, and w head to tail as 
component form and (b) magnitude (length) of the vector. needed to sketch the indicated vector. 
1. 3u 2. —2v sic 
3,ut+v 4,.u-v w 
5. 2u — 3v 6. —2u + 5v u 
3 4 5 12 
= = = = v 
Te sut sy 8. put BY 
.ut t+yt 
In Exercises 9-16, find the component form of the vector. “eS ee ewe 
— cu v d. u-—w 
9. The vector PQ, where P = (1, 3) and Q = (2,-—1) 
10. The vector OP where O is the origin and P is the midpoint of seg- 24, 
ment RS, where R = (2,—1) and S = (-4, 3) 
11. The vector from the point A = (2, 3) to the origin v 
12. The sum of AB and CD, where A = (1,-—1), B = (2, 0), 
C = (-1, 3), and D = (2, 2) ii 
13. The unit vector that makes an angle 6 = 27/3 with the positive 
X-axis 
14. The unit vector that makes an angle 6 = —3zr/4 with the positive w 
X-axis 
15. The unit vector obtained by rotating the vector (0, 1) 120° coun- 
terclockwise about the origin 
16. The unit vector obtained by rotating the vector (1,0) 135° coun- is bo wey ew 
terclockwise about the origin 
ce. 2u—v d.u+vt+w 


Vectors in Space 
In Exercises 17-22, express each vector in the form v = vi + 
Voj + v3k. 
17. PP, if P, is the point (5, 7,—1) and P; is the point (2, 9, —2) 
18. PP, if P, is the point (1, 2, 0) and P, is the point (—3, 0, 5) 
19. AB if Ais the point (—7, —8, 1) and B is the point (—10, 8, 1) 27. 5k 28 35 + 4 k 
20. AB if A is the point (1, 0, 3) and B is the point (1, 4, 5) 2 3 
21. 5u — vifu = (1,1,—1) andv = (2,0, 3) 1 1 1 

. 29. i j k 30. 
22. —2u + 3vifu = (—1,0,2) andv = (1,1,1) V6 V6 V6 


Length and Direction 

In Exercises 25-30, express each vector as a product of its length and 
direction. 

25. 2i + j — 2k 26. 91 — 2j + 6k 


fj , k 


j 
Va V3 


s\- 


31. Find the vectors whose lengths and directions are given. Try to do 
the calculations without writing. 


Length Direction 

a. 2 i 

b. V3 -k 

1 5 ge 

C5 gi + 5k 
6. 2a. 3 

d. 7 zi-aj+ 7k 


32. Find the vectors whose lengths and directions are given. Try to do 
the calculations without writing. 


Length Direction 
a. 7 -j 

3. 4 
b. V2 51 5k 
mee Bip Aa, 
"42 3° Bt 3 
d.a>0 : : ! 


33. Find a vector of magnitude 7 in the direction of v = 12i — 5k. 


34. Find a vector of magnitude 3 in the direction opposite to the 
direction of v = (1/2)i — (1/2)j — (1/2)k. 


Direction and Midpoints 
In Exercises 35-38, find 


a. the direction of PP; and 
b. the midpoint of line segment P, P). 
35. P\(—1, 1,5) P,(2,5, 0) 
36. Pi1,4,5)  P,(4,—-2, 7) 
37. P\(3,4,5)  P,(2, 3, 4) 
38. P,(0,0,0)  P(2,—-2, -2) 
39. If AB = i+ 4j — 2k and Bis the point (5, 1, 3), find A. 
40. If AB = —7i + 3j + 8k and A is the point (—2, —3, 6), find B. 
Theory and Applications 


41. Linear combination Let u = 2i+ j,v=i+j, and w= 
i — j. Find scalars a and b such that u = av + bw. 


42. Linear combination Let u = i — 2j,v = 2i + 3j, and w= 
i+ j. Write u = u; + Ww, where u, is parallel to v and uw, is 
parallel to w. (See Exercise 41.) 


43. Velocity An airplane is flying in the direction 25° west of north 
at 800 km/h. Find the component form of the velocity of the air- 
plane, assuming that the positive x-axis represents due east and 
the positive y-axis represents due north. 


44. (Continuation of Example 8.) What speed and direction should 


the jetliner in Example 8 have in order for the resultant vector to 
be 500 mph due east? 


45. Consider a 100-N weight suspended by two wires as shown in the 
accompanying figure. Find the magnitudes and components of 
the force vectors F, and F,. 
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100 


46. Consider a 50-N weight suspended by two wires as shown in the 


47. 


48. 


49. 


50. 


51. 


accompanying figure. If the magnitude of vector F, is 35 N, find 
angle a and the magnitude of vector F,. 


50 


Consider a w-N weight suspended by two wires as shown in the 
accompanying figure. If the magnitude of vector F, is 100 N, find 
w and the magnitude of vector F;. 


Consider a 25-N weight suspended by two wires as shown in the 
accompanying figure. If the magnitudes of vectors F, and F, are 
both 75 N, then angles a and B are equal. Find a. 


25 


Location A bird flies from its nest 5 km in the direction 60° 
north of east, where it stops to rest on a tree. It then flies 10 km in 
the direction due southeast and lands atop a telephone pole. Place 
an xy-coordinate system so that the origin is the bird’s nest, the 
X-axis points east, and the y-axis points north. 


a. At what point is the tree located? 
b. At what point is the telephone pole? 


Use similar triangles to find the coordinates of the point Q that 
divides the segment from P,(x;, y;, Z;) to Py(%, yx, Z) into two 
lengths whose ratio is p/q = r. 


Medians of a triangle Suppose that A, B, and C are the corner 
points of the thin triangular plate of constant density shown here. 


a. Find the vector from C to the midpoint M of side AB. 


b. Find the vector from C to the point that lies two-thirds of the 
way from C to M on the median CM. 


c. Find the coordinates of the point in which the medians of 
AABC intersect. According to Exercise 19, Section 6.6, this 
point is the plate’s center of mass. (See the accompanying 
figure.) 
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>N 


M 
A(4, 2, 0) 


52. Find the vector from the origin to the point of intersection of the 
medians of the triangle whose vertices are 


A(I,—1,2), BQ, I, 3), 


l 2 2 The Dot Product 


Length =|F| cos 0 


FIGURE 12.19 The magnitude of the 
force F in the direction of vector v is the 
length |F| cos@ of the projection of F 
onto v. 


FIGURE 12.20 The angle between u 
and v. 


cd, 1, 3) 


ee 


B(1, 3,0) © 55. Suppose that A, B, and C are vertices of a triangle and that a, b, 


53. Let ABCD be a general, not necessarily planar, quadrilateral in 
space. Show that the two segments joining the midpoints of oppo- 
site sides of ABCD bisect each other. (Hint: Show that the seg- 
ments have the same midpoint.) 


54, Vectors are drawn from the center of a regular n-sided polygon in 
the plane to the vertices of the polygon. Show that the sum of the 
vectors is zero. (Hint: What happens to the sum if you rotate the 
polygon about its center?) 


and c are, respectively, the midpoints of the opposite sides. Show 
that Aa + Bb + Cc = 0. 


56. Unit vectors in the plane Show that a unit vector in the plane 
can be expressed as u = (cos@)i + (sin@)j, obtained by rotating 
i through an angle 6 in the counterclockwise direction. Explain 
why this form gives every unit vector in the plane. 


and C(-1,2,-1). 


If a force F is applied to a particle moving along a path, we often need to know the magni- 
tude of the force in the direction of motion. If v is parallel to the tangent line to the path at 
the point where F is applied, then we want the magnitude of F in the direction of v. Figure 
12.19 shows that the scalar quantity we seek is the length |F| cos 6, where @ is the angle 
between the two vectors F and v. 

In this section we show how to calculate easily the angle between two vectors directly 
from their components. A key part of the calculation is an expression called the dot prod- 
uct. Dot products are also called inner or scalar products because the product results in a 
scalar, not a vector. After investigating the dot product, we apply it to finding the projec- 
tion of one vector onto another (as displayed in Figure 12.19) and to finding the work done 
by a constant force acting through a displacement. 


Angle Between Vectors 


When two nonzero vectors u and v are placed so their initial points coincide, they form an 
angle 0 of measure 0 = 6 = aw (Figure 12.20). If the vectors do not lie along the same 
line, the angle 6 is measured in the plane containing both of them. If they do lie along the 
same line, the angle between them is 0 if they point in the same direction and 7w if they 
point in opposite directions. The angle 6 is the angle between u and v. Theorem | gives a 
formula to determine this angle. 


THEOREM 1—Angle Between Two Vectors The angle @ between two nonzero 
vectors U = (Uj), UW, U3) andv = (Vj, v9, v3) is given by 


= eet (= + UnV2 + a) 
Ju||y| 


We use the law of cosines to prove Theorem 1, but before doing so, we focus attention 
on the expression u,v, + uv + u3V3 in the calculation for 6. This expression is the sum 
of the products of the corresponding components for the vectors u and v. 


FIGURE 12.21 The parallelogram law 
of addition of vectors gives w = u — v. 
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DEFINITION The dot product u-v (“u dot v”) of vectors u = (uw, Up, U3) 
and v = (vj, v2, v3) is the scalar 


u°vV = UV, + UnV2 + U3V3. 


EXAMPLE 1 We illustrate the definition. 
(ay 412,91) #0 6,2.-3) SIDE 6) 22) = CNE3) 
ee ee 


(b) (4: + 3j + k) i — J + 2k) = (Lo + OCD + MQ) = 1 = 


The dot product of a pair of two-dimensional vectors is defined in a similar fashion: 
(Uy, U2) * (V1, V2) = WV, + Uyvo. 


We will see throughout the remainder of the book that the dot product is a key tool for 
many important geometric and physical calculations in space (and the plane), not just for 
finding the angle between two vectors. 


Proof of Theorem 1 Applying the law of cosines (Equation (8), Section 1.3) to the 
triangle in Figure 12.21, we find that 
| w|? = Jul? a |v|? = 2\u||v| cos @ Law of cosines 


2|u||v| cos @ = jul? + |v|? — |w/?. 


Because w = u — v, the component form of wis (u; — v1), U2 — V2, U3 — V3). So 
Jul? = ( Vu? + uy? + ra = uy + uw? + uy? 
jo? = (Vo ow we = ot + vg? +o? 
|w|? = (Vey = 9)? + (a — 2)? +  — vee)? 


= (uy — Vy)? + (uy — v2)? + (3 — V3) 


= uy? — Quy + vy? + uy”? — 2uyvg + v2? + U3? — 2u3Vv3 + V3” 
and 
jul? + [v|? — |wl? = 2G) + gv, + u3V3). 
Therefore, 
2]ul|v| cos 6 = jul? + |v]? — [wl]? = 2(uy, + uyv2 + u3Vv3) 
|u||v| cos 6 = UV, + UV + U3V3 


UjVy + UnV2 + U3V3 


cos 86 = 
|ul|¥| 


Since 0 = 6 < zw, we have 


ea (“ + UnVy + ‘) - 
july 


The Angle Between Two Nonzero Vectors u and v 


6 = cos! Pee ) 
[ul || 
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>< 


B3, 5) 


A 


FIGURE 12.22 The triangle in 
Example 3. 


EXAMPLE 2 Find the angle between u = i — 2j — 2K and v = 6i + 3j + 2k. 
Solution We use the formula above: 
u-v = (1)(6) + (—2)(3) + (-2)2) =6-6-4=-4 
jal = Vay + G2 + Gly =Vvo=3 
V(6y + BY + QP = V49 =7 


iM 


0 


cos | (a) = cos A) =~ 1.76 radians or 100.98°. Oo 


The angle formula applies to two-dimensional vectors as well. Note that the angle 6 is 
acute if u- v > 0 and obtuse if u-v < 0. 


EXAMPLE 3 Find the angle @ in the triangle ABC determined by the vertices 
A = (0,0), B = (3,5), and C = (5, 2) (Figure 12.22). 


Solution The angle @ is the angle between the vectors CA and CB. The component 
forms of these two vectors are 


CA = (-5,-2) and CB = (-2,3). 
First we calculate the dot product and magnitudes of these two vectors. 
CA-CB = (-5)(-2) + (-2)(3) = 4 
|CA| = V5? + C2" = V29 
|CB| = VE2? + BY = V13 


Then applying the angle formula, we have 


g= cos ( CA+ CB ) 
|CA||CB| 


aa (wma) 
= 78.1° or 1.36 radians. a 


Orthogonal Vectors 


Two nonzero vectors u and v are perpendicular if the angle between them is 77/2. For such 
vectors, we have u+ v = 0 because cos (7/2) = 0. The converse is also true. If u and v 
are nonzero vectors with u: v = |u||v|cos 6 = 0,thencos @ = Oand6 = cos! 0 = w/2. 
The following definition also allows for one or both of the vectors to be the zero vector. 


DEFINITION Vectors u and v are orthogonal if u- v = 0. 


EXAMPLE 4 To determine if two vectors are orthogonal, calculate their dot product. 


(a) u = (3,—2) andv = (4,6) are orthogonal because u+ v = (3)(4) + (—2)(6) = 0. 
(b) u = 3i — 23 + k and v = 2j + 4k are orthogonal because u-v = (3)(0) + 
(—2)(2) + (1)(4) = 0. 


my .L------, 
< 


P S 


FIGURE 12.23 The vector projection 
of u onto v. 


FIGURE 12.24 If we pull on the box 
with force u, the effective force moving 
the box forward in the direction v is the 
projection of u onto v. 
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(c) 0 is orthogonal to every vector u since 


O-u = (0,0, 0) * (uy, up, U3) 
(O)(uy) + (O)(u2) + (O)(us) 
= 0. a 


Dot Product Properties and Vector Projections 


The dot product obeys many of the laws that hold for ordinary products of real numbers 
(scalars). 


Properties of the Dot Product 


If u, v, and w are any vectors and c is a scalar, then 


lou-v=v'u 2. (cu)* v = us (cv) = c(u'v) 


3. u-(v + w) =u'v+u-w 4. u-u = ul? 


5. 0-u=0. 


Proofs of Properties 1 and 3 The properties are easy to prove using the definition. 

For instance, here are the proofs of Properties 1 and 3. 

1. uev = ayy t+ wvy + U3V3 = Vi, + Voy + V3Uu3 = VrU 

3. us(vt+w)= 
= uy(Vy + Wy) + Un(v2 + Wz) + U3(v3 + W3) 


= UV, + UW, 7 UV. + UW + U3V3 + U3W3 


(Uy, Ud, Us) (yy + Wy), V2 + Wo, V3 4 W3) 


= (u,v, + UynV2 + U3V3) + (uw, + UW) + U3W3) 


=u'v+u:w & 


We now return to the problem of projecting one vector onto another, posed in the 
opening to this section. The vector projection of u = PQ onto a nonzero vector v = PS 
(Figure 12.23) is the vector PR determined by dropping a perpendicular from @Q to the line 
PS. The notation for this vector is 

proj, u (“the vector projection of u onto v’). 
If u represents a force, then proj, u represents the effective force in the direction of v 
(Figure 12.24). 

If the angle 0 between u and v is acute, proj, u has length |u| cos@ and direction 
v/|v| (Figure 12.25). If @ is obtuse, cos @ < 0 and proj, u has length —|u|cos@ and 
direction —v/|v|. In both cases, 


ae 


iM 


proj, u = (|u| cos@) 
= (a=) 
lvl / |v 
Z (1-*)y 
Mia 
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Length = |u| cos 0 Length = —|u| cos 0 
(a) (b) 


FIGURE 12.25 The length of projy w is (a) |u| cos 6 if cos @ = 0 and 
(b) —|u| cos 6 if cosé < 0. 


The number |u| cos@ is called the scalar component of u in the direction of v (or of u 
onto v). To summarize, 


The vector projection of u onto v is the vector 


proj, u = (w=). (1) 
iM 


The scalar component of u in the direction of v is the scalar 


|u| cos = ——- = u-_-. (2) 


urv _ v 
iM iM 


Note that both the vector projection of u onto v and the scalar component of u onto v 
depend only on the direction of the vector v and not its length (because we dot u with 
v/|v|, which is the direction of v). 


EXAMPLE 5 Find the vector projection of u = 6i + 3j + 2k onto v = i — 2j — 2k 
and the scalar component of u in the direction of v. 


Solution We find proj, u from Equation (1): 


- _urv 6-6-4. ‘ 
proj, u = yay V Ta4eqg 2j — 2k) 
4. : 4. , 8. , 8 
g fi 2j — 2k) git od + ok- 


We find the scalar component of u in the direction of v from Equation (2): 


aye eat (1,2; 2 
Ju|cosé = u iv (61 + 3j + 2k) (4: 3J 2x) 
_ 4 4 
2.= 2 3 3° | 


Equations (1) and (2) also apply to two-dimensional vectors. We demonstrate this in the 
next example. 


EXAMPLE 6 Find the vector projection of a force F = 5i + 2j onto v = i — 3j and 
the scalar component of F in the direction of v. 


Saas 


|F| cos 6 


FIGURE 12.26 The work done by a 
constant force F during a displacement D 
is (\F| cos 6)|D 
F-D. 


, which is the dot product 
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Solution The vector projection is 


proj, F = (an 
Iv? 


a 6.. Pra er ‘ 


1: 3.5 
~jo!* jod: 


The scalar component of F in the direction of v is 


Ree. 55% 1 
heg=- "= ea 
|E| cos Iv| 1+9 © Vi10 


A routine calculation (see Exercise 29) verifies that the vector u — proj, u is orthogo- 
nal to the projection vector proj, u (which has the same direction as v). So the equation 


u = proj,u + (u — proj, u) = (sy + (. = (v2) 


a, Se 
Parallel to v Orthogonal to v 


expresses u as a sum of orthogonal vectors. 


Work 


In Chapter 6, we calculated the work done by a constant force of magnitude F in moving 
an object through a distance d as W = Fd. That formula holds only if the force is directed 
along the line of motion. If a force F moving an object through a displacement D = PQ 
has some other direction, the work is performed by the component of F in the direction of 
D. If 0 is the angle between F and D (Figure 12.26), then 


scalar component of F 


wor Gs the direction of D 


dense of D) 


= (|F|cos6)|D| 
= F-D. 


DEFINITION ~The work done by a constant force F acting through a displace- 
ment D = PQ is 


EXAMPLE 7 If |F| = 40 N (newtons), 
F in acting from P to Q is 


D| = 3m, and @ = 60°, the work done by 


Work = F-D Definition 
= |F||D| cos 
= (40)(3) cos 60° Given values 
= (120)(1/2) = 60 J Goules). a 


We encounter more challenging work problems in Chapter 16 when we learn to find 
the work done by a variable force along a more general path in space. 
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Exercises 


Dot Product and Projections 
In Exercises 1—8, find 


p 


Vv 


v-u, |v|, jul 
. the cosine of the angle between v and u 

. the scalar component of u in the direction of v 
. the vector proj, u. 

= 2% - 4j+ V5k, u =—2i + 4j — V5k 


b 
Cc. 
d 
Vv 
v = (3/5i+ (4/5k, u = 5i+ 12] 
Vv 
Vv 
Vv 
Vv 
Vv 


= 101+ 11j — 2k, u = 3j + 4k 
= 21+ 10j — 11k, u=2i+ 2j+k 
= 5)- 3k, u=it+jt+k 

=-it+j, u= V2i+ V3j + 2k 
=S5i+j, u=2i+ VI7j 


IN oS 


wr (ak) 0 nds) 


Angle Between Vectors 
Find the angles between the vectors in Exercises 9-12 to the nearest 
hundredth of a radian. 


9 u=2i+ j, v=it 2j-k 

10. u = 2i—- 2j +k, v = 3i + 4k 

11. u = V3i- Jj, v= V3it+ j — 2k 

12, u=i+ V2j- V2k, v=-i+jt+k 

13. Triangle Find the measures of the angles of the triangle whose 
vertices are A = (—1, 0), B = (2, 1), and C = (1,—2). 

14. Rectangle Find the measures of the angles between the diago- 
nals of the rectangle whose vertices are A = (1,0), B = (0, 3), 
C = (3,4), and D = (4, 1). 

15. Direction angles and direction cosines The direction angles 
a, B, and y of a vector v = ai + bj + ck are defined as follows: 


a is the angle between v and the positive x-axis (0 = a = 77) 
B is the angle between v and the positive y-axis (0 = B = 7) 


y is the angle between v and the positive z-axis (0 = y = 7). 


z 


a. Show that 


cos B = as 


lv 


and cos*@ + cos’ + cos*y = 1. These cosines are called 
the direction cosines of v. 


cosa =-7_, cosy =7_ 


lv 


? 


b. Unit vectors are built from direction cosines Show that if 
v = ai + bj + ck is a unit vector, then a, b, and c are the 
direction cosines of v. 


16. Water main construction A water main is to be constructed 
with a 20% grade in the north direction and a 10% grade in the 
east direction. Determine the angle 6 required in the water main 
for the turn from north to east. 


Theory and Examples 

17. Sums and differences In the accompanying figure, it looks as 
if v, + v) and v, — vy» are orthogonal. Is this mere coincidence, 
or are there circumstances under which we may expect the sum of 
two vectors to be orthogonal to their difference? Give reasons for 


your answer. 
Vo 
Vi + Vo 
=v, 
vi — V2 


18. Orthogonality on a circle Suppose that AB is the diameter of a 
circle with center O and that C is a point on one of the two arcs 
joining A and B. Show that CA and CB are orthogonal. 


C 
A B 


19. Diagonals of arhombus Show that the diagonals of a rhombus 
(parallelogram with sides of equal length) are perpendicular. 


20. Perpendicular diagonals Show that squares are the only rect- 
angles with perpendicular diagonals. 


21. When parallelograms are rectangles Prove that a parallelo- 
gram is a rectangle if and only if its diagonals are equal in length. 
(This fact is often exploited by carpenters.) 


22. Diagonal of parallelogram Show that the indicated diagonal 
of the parallelogram determined by vectors u and v bisects the 
angle between u and vif |u| = |v]. 


23. Projectile motion A gun with muzzle velocity of 1200 ft/sec 
is fired at an angle of 8° above the horizontal. Find the horizontal 
and vertical components of the velocity. 


24. Inclined plane Suppose that a box is being towed up an 
inclined plane as shown in the figure. Find the force w needed to 
make the component of the force parallel to the inclined plane 
equal to 2.5 lb. 


25. a. Cauchy-Schwartz inequality Since u-v = |ul|v|cos 6, 
show that the inequality Ju: v| < |ul||v| holds for any vectors 
uand v. 


b. Under what circumstances, if any, does |u+v| equal |u| |v|? 
Give reasons for your answer. 


26. Dot multiplication is positive definite Show that dot multipli- 
cation of vectors is positive definite; that is, show that u-u = 0 
for every vector u and that u-u = 0 if and only ifu = 0. 


27. Orthogonal unit vectors If u, and u, are orthogonal unit vec- 
tors and v = au, + bw, find v-u,. 


28. Cancellation in dot products In real-number multiplication, if 
uv; = uv, and u # O, we can cancel the uw and conclude that 
Vv, = Vo. Does the same rule hold for the dot product? That is, if 
u+v; = u-v, andu # 0, can you conclude that v; = v2? Give 
reasons for your answer. 


29. Using the definition of the projection of u onto v, show by direct 
calculation that (u — proj, u)* proj, u = 0. 

30. A force F = 2i + j — 3k is applied to a spacecraft with velocity 
vector v = 3i — j. Express F as a sum of a vector parallel to v 
and a vector orthogonal to v. 


Equations for Lines in the Plane 

31. Line perpendicular to a vector Show that v = ai + bj is per- 
pendicular to the line ax + by = c by establishing that the slope 
of the vector v is the negative reciprocal of the slope of the given 
line. 
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32. Line parallel to a vector Show that the vector v = ai + Dj is 
parallel to the line bx — ay = c by establishing that the slope of 
the line segment representing v is the same as the slope of the 
given line. 


In Exercises 33-36, use the result of Exercise 31 to find an equation 
for the line through P perpendicular to v. Then sketch the line. Include 
v in your sketch as a vector starting at the origin. 


33. P(2,1), v=it 2j 34. P(-1,2), v=—2i-j 
35. P(-2,-7), v=—2i+j 36. P(11, 10), v = 2i- 3j 


In Exercises 37-40, use the result of Exercise 32 to find an equation 
for the line through P parallel to v. Then sketch the line. Include v in 
your sketch as a vector starting at the origin. 


37. P(-2,1), v=i-j 38. P(O,—2), v= 21+ 3j 
39. P(1,2), v =—i- 2j 40. P(1,3), v = 3i— 2j 


Work 

41. Work along a line Find the work done by a force F = Si 
(magnitude 5 N) in moving an object along the line from the origin 
to the point (1, 1) (distance in meters). 


42. Locomotive The Union Pacific’s Big Boy locomotive could 
pull 6000-ton trains with a tractive effort (pull) of 602,148 N 
(135,375 lb). At this level of effort, about how much work did 
Big Boy do on the (approximately straight) 605-km journey from 
San Francisco to Los Angeles? 


43. Inclined plane How much work does it take to slide a crate 20 m 
along a loading dock by pulling on it with a 200-N force at an 
angle of 30° from the horizontal? 


44. Sailboat The wind passing over a boat’s sail exerted a 1000-Ib 
magnitude force F as shown here. How much work did the wind 
perform in moving the boat forward 1 mi? Answer in foot-pounds. 


1000 Ib 
magnitude 
force F 


Angles Between Lines in the Plane 

The acute angle between intersecting lines that do not cross at right 
angles is the same as the angle determined by vectors normal to the 
lines or by the vectors parallel to the lines. 


v2 


vi 
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Use this fact and the results of Exercise 31 or 32 to find the acute 47. \3x 


angles between the lines in Exercises 45-50. 
45. 3x +y=5, 2x-y=4 
46. y= V3x-1, y=—-V3x4+2 


1 a A The Cross Product 


FIGURE 12.27 The construction of 
u X Vv. 


y=-2, x V3y =1 

48. x + V3y = 1, (1 V3)x + (1+ V3)y = 8 
49. 3x —4y =3, x-y=7 

50. 12x + 5y = 1, 2x -2y =3 


In studying lines in the plane, when we needed to describe how a line was tilting, we used 
the notions of slope and angle of inclination. In space, we want a way to describe how a 
plane is tilting. We accomplish this by multiplying two vectors in the plane together to get 
a third vector perpendicular to the plane. The direction of this third vector tells us the 
“inclination” of the plane. The product we use to multiply the vectors together is the vec- 
tor or cross product, the second of the two vector multiplication methods. We study the 
cross product in this section. 


The Cross Product of Two Vectors in Space 


We start with two nonzero vectors u and v in space. If u and vy are not parallel, they deter- 
mine a plane. We select a unit vector n perpendicular to the plane by the right-hand rule. 
This means that we choose n to be the unit (normal) vector that points the way your right 
thumb points when your fingers curl through the angle 6 from u to v (Figure 12.27). Then 
we define a new vector as follows. 


DEFINITION The cross product u X v(“u cross v’”) is the vector 


u X v = (jul|y| sin 6) n. 


Unlike the dot product, the cross product is a vector. For this reason it’s also called the 
vector product of u and vy, and applies only to vectors in space. The vector u X v is 
orthogonal to both u and v because it is a scalar multiple of n. 

There is a straightforward way to calculate the cross product of two vectors from their 
components. The method does not require that we know the angle between them (as sug- 
gested by the definition), but we postpone that calculation momentarily so we can focus 
first on the properties of the cross product. 

Since the sines of 0 and 7 are both zero, it makes sense to define the cross product of 
two parallel nonzero vectors to be 0. If one or both of u and v are zero, we also define 
u X v to be zero. This way, the cross product of two vectors u and v is zero if and only if 
u and v are parallel or one or both of them are zero. 


Parallel Vectors 


Nonzero vectors u and v are parallel if and only ifu X v = 0. 


The cross product obeys the following laws. 


Properties of the Cross Product 


If u, v, and w are any vectors and /, s are scalars, then 


1. (ru) X (sv) = (rs)(u X v) 2uX(vt+w)=uxvt+uxw 
3. v X u = —(u X v) 4.(vt+w)Xu=vxXut+wxu 
5.0xu=0 6. u X (Vv X Ww) = (u-w)v — (u’v)w 


FIGURE 12.28 The construction of 
v Xu. 


i=jXk 


FIGURE 12.29 The pairwise cross 
products of i, j, and k. 


Area = base - height 


= |ul - |v||sin 6 
=|u X y| 


h = |v||sin 0| 


FIGURE 12.30 The parallelogram 
determined by u and v. 


12.4 The Cross Product 727 


To visualize Property 3, for example, notice that when the fingers of your right hand 
curl through the angle @ from v to u, your thumb points the opposite way; the unit vector 
we choose in forming v X u is the negative of the one we choose in forming u X v 
(Figure 12.28). 

Property | can be verified by applying the definition of cross product to both sides of 
the equation and comparing the results. Property 2 is proved in Appendix 8. Property 4 
follows by multiplying both sides of the equation in Property 2 by —1 and reversing the 
order of the products using Property 3. Property 5 is a definition. As a rule, cross product 
multiplication is not associative so (u X Vv) X w does not generally equal u X (Vv X w). 
(See Additional Exercise 17.) 

When we apply the definition and Property 3 to calculate the pairwise cross products 
of i, j, and k, we find (Figure 12.29) 


ixj=-Gxi=k 
— ee 
jx k=-kxjp=i 
kxXi=-@GXk =j 
i 
and Diagram for recalling 


cross products 


ixi=jxjokxk=0. 


|u x v| Is the Area of a Parallelogram 


Because n is a unit vector, the magnitude of u X v is 


Ju X v| = Jul|v| |sin6||n| = |ul|v| sing. 


This is the area of the parallelogram determined by u and v (Figure 12.30), ul being the 


base of the parallelogram and |v||sin6| the height. 


Determinant Formula for u x v 


Our next objective is to calculate u < v from the components of u and v relative to a 
Cartesian coordinate system. 
Suppose that 


u=witwmjt+uk and v=wit vj t v3k. 
Then the distributive laws and the rules for multiplying i, j, and k tell us that 
uxv= (uy i + Uj + u3k) x (yi + Voj + v3k) 
= mvyyi Xi t+ wvoi XJ + uyv3ix k 
+ hvyj Xi t+ mvj X j+ wv3j x k 
+ U3V,k xit U3V2k x j + U3V3k xk 


= (UnV3 U3V>)i (u; V3 U3V,)j + (UyV2 — UpVv))k. 


The component terms in the last line are hard to remember, but they are the same as 
the terms in the expansion of the symbolic determinant 
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Determinants 
2 X 2 and 3 X 3 determinants are 


evaluated as follows: 


a b i-b 
= ad — bc 
d 
a4, a a3 
by by 
bh, by b =a 
O 6 
Cl 
— a + a; 
Cy Cy 


RE 1,1;;2) 


x QQ, 1,-1) 


FIGURE 12.31 The vector PO x PR is 
perpendicular to the plane of triangle POR 
(Example 2). The area of triangle POR is 
half of |PO x PR| (Example 3). 
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So we restate the calculation in this easy-to-remember form. 


Calculating the Cross Product as a Determinant 
Ifu = mi + mj + wk andv = vi + vj + v3k, then 


EXAMPLE 1 Find u X vandv X uifu = 2i+ j + kandv = —4i + 3j + k. 
Solution We expand the symbolic determinant: 
ijk 
gsala fale tal aha [2 ah 
pene 3 i) |-4 aif)" |-a 3 
-4 3 1 
= —2i — 6j + 10k 
v X u = —(u X v) = 21 + 6j — 10k Property 3 | 
EXAMPLE 2 Find a vector perpendicular to the plane of P(1,—1, 0), Q(2, 1,—1), 


and R(—1, 1, 2) (Figure 12.31). 


Solution The vector PQ X PR is perpendicular to the plane because it is perpendicular 
to both vectors. In terms of components, 


PO =(2- i+ (1 + DU + C1 — Ok =i+ A—-k 
PR = (-1— Di+ (1 + Dj + 2 — Ok = —2i + 2j + 2k 
ij 


So es 2 =i, 1 =), 1 2 
POX PR=|1 2 -l/= i- jt k 
2 2 —2 2 —2. 2 
—2 2 2 
= 61 + 6k. Oo 


EXAMPLE 3 Find the area of the triangle with vertices P(1,—1, 0), Q(2, 1,—1), and 
R(-1, 1, 2) (Figure 12.31). 


Solution The area of the parallelogram determined by P, Q, and R is 


|PO x PR| = |6i F 6k| Values from Example 2 
= V6? + (6? = V2°36 = 6V2. 
The triangle’s area is half of this, or 3V/2, Oo 
EXAMPLE 4 Find a unit vector perpendicular to the plane of P(1, —1, 0), Q(2, 1,—1), 
and R(-1, 1, 2). 


Solution Since PO x PR is perpendicular to the plane, its direction n is a unit vector 
perpendicular to the plane. Taking values from Examples 2 and 3, we have 


PQXPR _ 6i+6k_ 1. 1 
= = i+ k. 
|POX PR} =6V2 -V2~——osV2 


Component of F 
perpendicular to r. 
Its length is|F| sin 0. 


FIGURE 12.32 The torque vector 
describes the tendency of the force F to 
drive the bolt forward. 


3 ft bar 


20 Ib 
magnitude 
force 


FIGURE 12.33 The magnitude of the 
torque exerted by F at P is about 56.4 ft-lb 
(Example 5). The bar rotates counter- 
clockwise around P. 
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For ease in calculating the cross product using determinants, we usually write vectors 
in the form v = vy,i + v2j + v3k rather than as ordered triples v = (Vy, v2, v3). 


Torque 


When we turn a bolt by applying a force F to a wrench (Figure 12.32), we produce a 
torque that causes the bolt to rotate. The torque vector points in the direction of the axis 
of the bolt according to the right-hand rule (so the rotation is counterclockwise when 
viewed from the fip of the vector). The magnitude of the torque depends on how far out on 
the wrench the force is applied and on how much of the force is perpendicular to the 
wrench at the point of application. The number we use to measure the torque’s magnitude 
is the product of the length of the lever arm r and the scalar component of F perpendicular 
to r. In the notation of Figure 12.32, 


Magnitude of torque vector = |r||F| sin#, 


or |r X F|. If we let n be a unit vector along the axis of the bolt in the direction of the 
torque, then a complete description of the torque vector is r X F, or 


Torque vector = (|r||F| sin@) n. 


Recall that we defined u X v to be 0 when u and v are parallel. This is consistent with the 
torque interpretation as well. If the force F in Figure 12.32 is parallel to the wrench, mean- 
ing that we are trying to turn the bolt by pushing or pulling along the line of the wrench’s 
handle, the torque produced is zero. 


EXAMPLE 5 
Figure 12.33 is 


The magnitude of the torque generated by force F at the pivot point P in 


|PO x F| = |PO||F| sin 70° 
=~ (3)(20)(0.94) 
= 56.4 ft-lb. 
In this example the torque vector is pointing out of the page toward you. Oo 


Triple Scalar or Box Product 


The product (u X v)- w is called the triple scalar product of u, v, and w (in that order). 
As you can see from the formula 


|(u X v)-w| = |u X v||w||cosé 


’ 


the absolute value of this product is the volume of the parallelepiped (parallelogram-sided 
box) determined by u, v, and w (Figure 12.34). The number lu x v| is the area of the base 


Height = | w| |cos 6| — 


nu X v| 


Volume = area of base - height 
= |u X y||w||cos 6| 
= |(u X v)- w| 


FIGURE 12.34 The number |(u X v)-w| is the volume of a parallelepiped. 
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parallelogram. The number | w| |cos 6| is the parallelepiped’s height. Because of this 
geometry, (u X v)-w is also called the box product of u, v, and w. 

By treating the planes of v and w and of w and wu as the base planes of the parallelepi- 
ped determined by u, v, and w, we see that 


(u X v)* w= (Vv X w)'u = (WX U) ‘Vv. 


The dot and cross may be inter- Since the dot product is commutative, we also have 
changed in a triple scalar product 
without altering is value. (u X v)-w=u'(v X w). 


The triple scalar product can be evaluated as a determinant: 


Un U3), Wy U3). uy 2 
wxyw=| i- jt k|-w 
V2 V3 Vj V3 Vj V2 
Uy U3 Uy U3 uy Uy 
=W — W2 os W3 
V2 V3 Vv] V3 Vy i) 


Uy Uy Ws 


Calculating the Triple Scalar Product as a Determinant 


Uy Uy 3 


(u X v)-w= Vy Wo) V3 


Wi Wr. W3 


EXAMPLE 6 Find the volume of the box (parallelepiped) determined by u = i + 2j — k, 
v = —2i + 3k, and w = 7j — 4k. 


Solution Using the rule for calculating a 3 X 3 determinant, we find 


1 2 -l 


0 3 =2, 3 —2 O 
Xv):-w= |-2 O 3; = = (2 + (-l = —23. 
(u X v)+w a 4 ale 3 cn? | 
0 7 —4 
The volume is |(u X v)+ w| = 23 units cubed. a 
Cross Product Calculations 7. u=—8i — 2j — 4k, v = 2i+ 2j+k 
In Exercises 1-8, find the length and direction (when defined) of 3 1 
u X vandv X u. 8. u 71 zi +k, v=it+jt+ 2k 


1. u= 2i- 23--k, v=i-k 
In Exercises 9-14, sketch the coordinate axes and then include the 


2. u= 21+ 3j, v= -it j vectors u, v, and u X v as vectors starting at the origin. 

3. u= 2i— 2) + 4k, v= -i+j-— 2k 9 u=i, v=j 10. u=i-—k, v=j 
4,.u=i+j-—k, v=0 Wl. u=i-k, v=jt+k 12. u=2i-j, v=it 2j 
5. u= 2i, v= —3j 13. u=i+j, v=i-j 14. u=j+ 2k, v=i 
6.u=ixj, v=jxk 


Triangles in Space 
In Exercises 15-18, 


a. Find the area of the triangle determined by the points P, Q, 
and R. 


b. Find a unit vector perpendicular to plane POR. 
15. Pd,—-1,2), Q(2,0,-1), R(O, 2, 1) 
16. Pd, 1,1), Q(2,1,3), RB,-1, 1) 
17.: P2;=2,1);. -O3,=—1,.2),, RG = 151) 
18. P(—2,2,0), Q(0,1,-1), R(-—1, 2,—-2) 


Triple Scalar Products 

In Exercises 19-22, verify that (u X v):-w=(v X w):U = 
(w X u)-v and find the volume of the parallelepiped (box) deter- 
mined by u, v, and w. 


u Vv Ww 
19. 2i 2j 2k 
20.i-j+k 2i+ j — 2k -~i+2j-k 
a ey 2i-jtk i+ 2k 
22. i+ j — 2k -i-k 2i + 4j — 2k 


Theory and Examples 

23. Parallel and perpendicular vectors Letu = 5i — j + k,v = 
j — 5k, w = —15i + 3j — 3k. Which vectors, if any, are (a) 
perpendicular? (b) Parallel? Give reasons for your answers. 


24. Parallel and perpendicular vectors Let u = i+ 2j — k, 
v=-it+tjt+k, w=itk, r=—-(a7/2)i- aj + (7/2)k. 
Which vectors, if any, are (a) perpendicular? (b) Parallel? Give 
reasons for your answers. 


In Exercises 25 and 26, find the magnitude of the torque exerted by F 
on the bolt at P if |PQ| = 8 in. and |F| = 301b. Answer in foot- 
pounds. 


25. 26. 
F 
a (a, Q 
‘29 


27. Which of the following are always true, and which are not always 
true? Give reasons for your answers. 


jul = Vo-u 

u-u = |u| 
ux0=0xu=0 

u X (-u) = 0 

uxXvr=vxXu 
ux(vtw)=uxXvt+uxw 
(u X v):-v=0 


(u X v)"w = u:(v X w) 


Fem of & Oo SP 


28. Which of the following are always true, and which are not always 


true? Give reasons for your answers. 
au'v=v'u b. u X v = -(v X u) 


c. (-u) X v = —(u X vy) 
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d. (cu): v = u:(cv) = c(uv) (any number c) 

e. c(u X v) = (cu) X v = u X (cv) (any number c) 
f. ueu = jul? 

g. (u X u)-u=0 

h. (u X v)‘u = v-(u X v) 


29. Given nonzero vectors u, v, and w, use dot product and cross 
product notation, as appropriate, to describe the following. 


a. The vector projection of u onto v 

b. A vector orthogonal to u and v 

c. A vector orthogonal to u X v and w 

d. The volume of the parallelepiped determined by u, v, and w 
e. A vector orthogonal to u X v andu X w 

f. A vector of length |u| in the direction of v 


30. Compute (i < j) X j and i X (Gj X j). What can you conclude 
about the associativity of the cross product? 


31. Let u, v, and w be vectors. Which of the following make sense, 
and which do not? Give reasons for your answers. 


a. (u X v): Ww 
b. u X (v- w) 
c. u X (Vv X Ww) 
d. u:(v-w) 
32. Cross products of three vectors Show that except in degener- 
ate cases, (u X v) X w lies in the plane of u and v, whereas 


u X (v X w) lies in the plane of v and w. What are the degener- 
ate cases? 


33. Cancelation in cross products Ifu X v = u X wandu # 0, 
then does v = w? Give reasons for your answer. 


34. Double cancelation If u + 0 and if u X v =u X w and 
u‘v = uw, then does v = w? Give reasons for your answer. 


Area of a Parallelogram 
Find the areas of the parallelograms whose vertices are given in Exer- 
cises 35—40. 


35. A(1,0), B(O, 1), 
36. A(0,0), B(7, 3), 
37. A(-1,2), B(2, 0), 
38. A(-6,0), B(1,—4), 
39. A(0,0,0), B(3, 2, 4), 
40. A(1,0,—-1), BCI, 7, 2), 


cC(-1,0), DO,-1) 
c(9, 8), D2, 5) 
c(7, 1), D4, 3) 
Cc(3, 1), DC4,5) 
c(5, 1,4, D2,-1, 0) 
c(?2,4,-1), DO, 3, 2) 
Area of a Triangle 


Find the areas of the triangles whose vertices are given in Exercises 
41-47. 


41. A(O,0), BC—2,3), C(3, 1) 
42. A-1,-1), BGB,3), CQ2,) 


43. A(—5,3), BU,-2), C(6,—2) 
44. A(—6,0), B(10,—-5), C(—2, 4) 
45. A(1,0,0), B(O,2,0), C(0,0,-1) 


46. A(0O,0,0), BC1,1,-1), C@G,0,3) 
47. AC,-1,1), BO,1,1), Cd,0,-1) 
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48. Find the volume of a parallelepiped if four of its eight vertices are 50. Triangle area Find a concise 3 X 3 determinant formula that 
A(0, 0, 0), BU, 2, 0), C(O, —3, 2), and D(3, —4, 5). gives the area of a triangle in the xy-plane having vertices 
49. Triangle area Find a 2 X 2 determinant formula for the area (ay, 42), (d), by), and (c}, €2). 


of the triangle in the xy-plane with vertices at (0, 0), (a), a2), and 


(b,, b). Explain your work. 


1 2.5 Lines and Planes in Space 


z 
Po(Xo, Yo» Zo) 


__ lhasn—s 
é (x, y, 2) 


——" 


Vv 


x 


FIGURE 12.35 A point P lies on L 
through Py parallel to v if and only if PoP 
is a scalar multiple of v. 


This section shows how to use scalar and vector products to write equations for lines, line 
segments, and planes in space. We will use these representations throughout the rest of the 
book in studying the calculus of curves and surfaces in space. 


Lines and Line Segments in Space 


In the plane, a line is determined by a point and a number giving the slope of the line. In 
space a line is determined by a point and a vector giving the direction of the line. 

Suppose that L is a line in space passing through a point F(X, Yo, Zo) parallel to a vec- 
tor V = vi + v)j + v3k. Then Lis the set of all points P(x, y, z) for which PpP is paral- 
lel to v (Figure 12.35). Thus, PyP = tv for some scalar parameter t. The value of t depends 
on the location of the point P along the line, and the domain of ¢ is (~°0, 00). The 
expanded form of the equation P,P = tv is 


(x — xo) + (y — yo)j +  — S)K = 1,1 + vj + v3k), 
which can be rewritten as 
xMi+ yj + ck = xpi + yoj + 2k + Hy, 1+ vj + v3k). (1) 


If r() is the position vector of a point P(x, y, z) on the line and rp is the position vector 
of the point Po(X, yo, Zo), then Equation (1) gives the following vector form for the equa- 
tion of a line in space. 


Vector Equation for a Line 
A vector equation for the line Z through P)(xo, yo, Zo) parallel to v is 


r(t) = 1% + wv, —o <t< MN, (2) 


where r is the position vector of a point P(x, y, z) on L and Yo is the position 
vector of Po(Xxo, Yo; Zo)- 


Equating the corresponding components of the two sides of Equation (1) gives three 
scalar equations involving the parameter f: 


xX =X + ty, y=y + ty, Z= % + 03. 


These equations give us the standard parametrization of the line for the parameter interval 
—o <t< Ow, 


Parametric Equations for a Line 
The standard parametrization of the line through Pj(xp, yo, Z)) parallel to 
v= vii + Voj + v3k is 


x=X +, YEHEWtm 2Z=%M+ M3, —CO<t< oo (3) 


8 
Navan y 
t= 2\SP,02, 8, 0) 


v = 2i+ 4j — 2k x 


FIGURE 12.36 Selected points and 


parameter values on the line in Example 1. 


The arrows show the direction of 
increasing f. 


QU1,—1,4) z 
A 


* ; 
t=0 


PH 3523/23) 


FIGURE 12.37 Example 3 derives a 
parametrization of line segment PQ. The 
arrow shows the direction of increasing t. 
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EXAMPLE 1 Find parametric equations for the line through (—2, 0, 4) parallel to 
vy = 2i + 4j — 2k (Figure 12.36). 


Solution With P(x, yo, Z) equal to (—2,0,4) and vi + vj + v3k equal to 
2i + 4j — 2k, Equations (3) become 


x=—2 + 2t, y = 4t, z=4-2t. | 


EXAMPLE 2 
Q(1,-1, 4). 
Solution The vector 
PO = (1 —- (-3)i + (1 — 25 + 4 — (3))k 
= 4i — 3j + 7k 


Find parametric equations for the line through P(—3,2,—3) and 


is parallel to the line, and Equations (3) with (x9, yo, 29) = (—3, 2, —3) give 


x=—3 + 4t, y=2 - 31, z=—-3+ Tt. 


We could have chosen Q(1, —1, 4) as the “base point” and written 


x=1+ 4t, y=-1 —- 31, z=4+ Tt. 


These equations serve as well as the first; they simply place you at a different point on the 
line for a given value of f. a 


Notice that parametrizations are not unique. Not only can the “base point” change, but 
so can the parameter. The equations x = —3 + 40, y = 2 — 38, and z = —3 + 7f also 
parametrize the line in Example 2. 

To parametrize a line segment joining two points, we first parametrize the line 
through the points. We then find the ¢-values for the endpoints and restrict f to lie in the 
closed interval bounded by these values. The line equations together with this added 
restriction parametrize the segment. 


EXAMPLE 3 Parametrize the line segment joining the points P(—3,2,—3) and 
Q(1, 1, 4) (Figure 12.37). 


Solution We begin with equations for the line through P and Q, taking them, in this 
case, from Example 2: 


x=—-3+ 4, y=2 - 31, z= —-3+ Tt. 


We observe that the point 
(x, y, Z) = (-3 + 4t, 2 = 3t,=3 + Tt) 


on the line passes through P(—3, 2,—3) at t = 0 and Q(1,—1,4) at t = 1. We add the 
restriction 0 = t = | to parametrize the segment: 


x=-3 + 4, y=2 — 3t, z=-3+ Tt, O=s=rt=l. | 
The vector form (Equation (2)) for a line in space is more revealing if we think of a 
line as the path of a particle starting at position P)(xo, Yo, Zo) and moving in the direction of 


vector v. Rewriting Equation (2), we have 
r(t) = 1% + tv 


=1m+ ‘lvl (4) 


Initial Time Direction 


position 


Speed 
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FIGURE 12.38 The distance from 

S to the line through P parallel to v is 
|PS | sind, where 6 is the angle between 
PS and v. 


In other words, the position of the particle at time f¢ is its initial position plus its distance 
moved (speed X time) in the direction v/|v| of its straight-line motion. 


EXAMPLE 4 A helicopter is to fly directly from a helipad at the origin in the direc- 
tion of the point (1, 1, 1) at a speed of 60 ft/sec. What is the position of the helicopter 
after 10 sec? 


Solution We place the origin at the starting position (helipad) of the helicopter. Then the 
unit vector 


ls ier 1 

i+ jo k 
V2 NS NB 
gives the flight direction of the helicopter. From Equation (4), the position of the helicop- 
ter at any time ¢ is 


u = 


r(t) = Yo + t(speed)u 


1 1 1 
0+ Koo i+ jt k| 
V3 V3 V3 
= 20V3i + j +k). 
When t = 10 sec, 


200V3( + j+k 
(200V3, 200V3, 200V3) . 


r(10) 


After 10 sec of flight from the origin toward (1, 1, 1), the helicopter is located at the point 
(200V3, 200V3, 200V3) in space. It has traveled a distance of (60 ft/sec)(10 sec) = 
600 ft, which is the length of the vector r(10). | 


The Distance from a Point to a Line in Space 


To find the distance from a point S to a line that passes through a point P parallel to a vec- 

tor v, we find the absolute value of the scalar component of PS in the direction of a vector 

normal to the line (Figure 12.38). In the notation of the figure, the absolute value of the 
‘iets 4 IPS X | 

scalar component is |PS| sin@, which is ip 


Distance from a Point S to a Line Through P Parallel to v 


_ |PS x y| 


iM 


(5) 


EXAMPLE 5 Find the distance from the point S(1, 1, 5) to the line 
Li x=1+t, y=3-1, zZ = 2t. 
Solution We see from the equations for L that L passes through P(1, 3, 0) parallel to 
v =i-—j + 2k. With 
PS = (1 — Di+ C1 — 3j + (5 — Ok = —2j + 5k 


Plane M 


A 


P(x, y, Z) 


Po(X9; Yo» Zo) 


FIGURE 12.39 The standard equation 
for a plane in space is defined in terms of 
a vector normal to the plane: A point P 

lies in the plane through Py normal to n if 


— 


and only ifn: PoP = 0. 
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and 
i j k 
PS X v = |0 2 5| =i+ 5j + 2k, 
1 -1l 2 
Equation (5) gives 
PS Xv 
_| |_ Vie 25 +4 _ V30_ ig - 
|v VIF1+4 V6 


An Equation for a Plane in Space 


A plane in space is determined by knowing a point on the plane and its “tilt” or orienta- 
tion. This “tilt” is defined by specifying a vector that is perpendicular or normal to the 
plane. 

Suppose that plane M passes through a point P(x, yo, Zo) and is normal to the nonzero 
vector n = Ai + Bj + Ck. Then M is the set of all points P(x, y, z) for which P,P is 
orthogonal to n (Figure 12.39). Thus, the dot product n+ AyP = 0. This equation is equiv- 
alent to 


(Ai + Bj + Ck)-[@ — %)i +  — yoi + & — Wk] = 9, 
so the plane M consists of the points (x, y, z) satisfying 


A(x — xo) + B(y — yo) + CZ — &) = 0. 


Equation for a Plane 
The plane through P(x, yo, Z9) normal to n = Ai + Bj + Ck has 


n- PP = 0 

A(x — Xo) + BY — yo) + CZ — %) = 0 
Ax + By + Cz = D, 
D = Axy + Byy + C2 


Vector equation: 
Component equation: 


Component equation simplified: where 


EXAMPLE 6 Find an equation for the plane through P)(—3, 0, 7) perpendicular to 
n = 5i+ 2j—k. 


Solution The component equation is 


5@ — (—3)) + 29 — 0) + CDG — 7) = 0. 
Simplifying, we obtain 
5x + 15+ 2y-—z+7=0 
ox + 2y — z= —-22. B 


Notice in Example 6 how the components of n = 5i + 2j — k became the coeffi- 
cients of x, y, and z in the equation 5x + 2y — z = —22. The vector n = Ai + Bj + Ck 
is normal to the plane Ax + By + Cz = D. 
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FIGURE 12.40 How the line of 
intersection of two planes is related to 


the planes’ normal vectors (Example 8). 


EXAMPLE 7 Find an equation for the plane through A(0, 0, 1), B(2, 0, 0), and C(O, 3, 0). 


Solution We find a vector normal to the plane and use it with one of the points (it does 
not matter which) to write an equation for the plane. 
The cross product 


ijk 
ABXAC=|2 0 —1] =3i+ 2j + 6k 
03 =I 


is normal to the plane. We substitute the components of this vector and the coordinates of 
A(0, 0, 1) into the component form of the equation to obtain 


3(x — 0) + Ay — 0) + Oz — 1) = 0 
3x + 2y + 62 = 6. ] 


Lines of Intersection 


Just as lines are parallel if and only if they have the same direction, two planes are parallel 
if and only if their normals are parallel, or n; = kn, for some scalar k. Two planes that are 
not parallel intersect in a line. 


EXAMPLE 8 Find a vector parallel to the line of intersection of the planes 
3x — 6y — 2z = 15 and 2x + y — 2z = 5. 


Solution The line of intersection of two planes is perpendicular to both planes’ normal 
vectors n, and n, (Figure 12.40) and therefore parallel to n; X n,. Turning this around, 
n, X My is a vector parallel to the planes’ line of intersection. In our case, 


i j k 
n, X ny 3 6 2| = 141 + 2j + 15k. 
2 1 -2 
Any nonzero scalar multiple of n; < ny will do as well. a 


EXAMPLE 9 Find parametric equations for the line in which the planes 
3x — 6y — 2z = 15 and 2x + y — 2z = 5 intersect. 


Solution We find a vector parallel to the line and a point on the line and use Equations (3). 

Example 8 identifies v = 14i + 2j + 15k as a vector parallel to the line. To find a 
point on the line, we can take any point common to the two planes. Substituting z = 0 in 
the plane equations and solving for x and y simultaneously identifies one of these points as 
(3, —1, 0). The line is 


x=3+ 14, y=-1+ 21, z= 15t. 


The choice z = 0 is arbitrary and we could have chosen z = | or z = —1 just as well. Or 
we could have let x = 0 and solved for y and z. The different choices would simply give 
different parametrizations of the same line. 


Sometimes we want to know where a line and a plane intersect. For example, if we are 
looking at a flat plate and a line segment passes through it, we may be interested in know- 
ing what portion of the line segment is hidden from our view by the plate. This application 
is used in computer graphics (Exercise 74). 
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EXAMPLE 10 Find the point where the line 


x= 5+ 24, y = —2t, z=1t+t 


intersects the plane 3x + 2y + 6z = 6. 


Solution The point 


(5 2h = 22, 1 ) 


lies in the plane if its coordinates satisfy the equation of the plane, that is, if 


3(§ + 21) + 2-2 + 64 +1 =6 
8 + 6t— 4t+ 6+ 6t = 6 

8 = —8 

t=-1. 


The point of intersection is 


Gyol.4= (3 —2,2,1- 1) = (2.2, 0). | 


The Distance from a Point to a Plane 


If P is a point on a plane with normal n, then the distance from any point S to the plane is 
the length of the vector projection of PS onto n. That is, the distance from S to the plane is 


d= a (6) 


[n!| 


where n = Ai + Bj + Ck is normal to the plane. 


EXAMPLE 11 Find the distance from S(1, 1, 3) to the plane 3x + 2y + 6z = 6. 


Solution We find a point P in the plane and calculate the length of the vector projection 
of PS onto a vector n normal to the plane (Figure 12.41). The coefficients in the equation 
3x + 2y + 6z = 6 give 


n = 3i + 2j + 6K. 


Z 
n= 3i+ 2j + 6k 
S(, 1,3) 
3x + 2y + 6z=6 (0, 0, 1) 
I 
I 
I 
4 
I 
I 


vs 
Ma 
Us 


Distance from 
S to the plane 


\4 
a 


4 
y ~ 


y 


Pe 0, 0) P(O, 3,0) 
x 


FIGURE 12.41 The distance from S to the plane is the 
length of the vector projection of PS onto n (Example 11). 
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The points on the plane easiest to find from the plane’s equation are the intercepts. If 
we take P to be the y-intercept (0, 3, 0), then 


—» 


PS = (1 — Oi + 1 — 35 + GB — OK 
= i— 2j + 3k, 
In| = VG)? + 2) + (62 = V49 = 7 


The distance from S to the plane is 


d= PST Length of proj, PS 
n 
ere ee re 
= |(i — 2j + 3k) (31+ 2) +Sx) 
3 4, 18 17 
7 $4822. 7 


Angles Between Planes 


The angle between two intersecting planes is defined to be the acute angle between their 
normal vectors (Figure 12.42). 


EXAMPLE 12 Find the angle between the planes 3x — 6y — 2z=15 and 
2x+y—2z=5. 


Solution The vectors 


n, = 3i — 6j — 2k, n, = 2i+ j — 2k 
are normals to the planes. The angle between them is 


FIGURE 12.42 The angle between two n,* Dy 
6 = cos'!{| —— 


planes is obtained from the angle between |n,| |n,| 


their normals. 


pe ea 
= COS W 
= 1.38 radians. About 79 degrees | 
Lines and Line Segments 9. The line through (0,—7,0) perpendicular to the plane 
Find parametric equations for the lines in Exercises 1-12. x + 2y + 2z = 13 
1. The line through the point P(3,—4,—1) parallel to the vector 10. The line through (2, 3, 0) perpendicular to the vectors u = i + 
i+jt+k 2j + 3k and v = 3i + 4j + 5k 
2. The line through P(1, 2,—1) and Q(-1, 0, 1) 11. The x-axis 12. The z-axis 
3. The line through P(—2, 0, 3) and Q(3, 5, —2) 
4. The line through P(1, 2, 0) and Q(1, 1,—1) Find parametrizations for the line segments joining the points in Exer- 
5. The line through the origin parallel to the vector 2j + k cises 13-20. Draw coordinate axes and sketch each segment, indicat- 
ing the direction of increasing t for your parametrization. 
6. The line through the point (3,—2,1) parallel to the line B 0 1.3/2 14 iG 
P21 pS . (0,0,0), (1, 1,3/2) . (0,0,0), (1,0, 0) 
7. The line through (1, 1, 1) parallel to the z-axis BS (10,9); 1,9) 16. (1, 1, 0), Gn 
17. (0,1, 1), (0,-1, 1) 18. (0,2,0), (3, 0, 0) 


8. The line through (2,4,5) perpendicular to the plane 
3x + Ty — 5z = 21 19. (2,0, 2), (0, 2, 0) 20. (1,0,—1), (0, 3, 0) 


Planes 
Find equations for the planes in Exercises 21-26. 


21. The plane through P,(0, 2,—1) normal to n = 3i — 2j — k 
22. The plane through (1, —1, 3) parallel to the plane 
3x ty +z=7 
23. The plane through (1, 1,—1), (2, 0, 2), and (0, —2, 1) 
24. The plane through (2, 4, 5), (1, 5, 7), and (—1, 6, 8) 
25. The plane through P,(2, 4, 5) perpendicular to the line 


x=5+24 y=1+34, z=4 


26. The plane through A(1,—2, 1) perpendicular to the vector from 
the origin to A 


27. Find the point of intersection of the lines x = 2 + 1, y = 3t + 2, 
z=4t+3, and x=s+2,y = 2584+ 4,2 = —4s 1, and 
then find the plane determined by these lines. 


28. Find the point of intersection of the lines x = t,y = —t + 2, 
z=tt+1, and x = 25+ 2,y=5 + 3,z = 5s + 6, and then 
find the plane determined by these lines. 


In Exercises 29 and 30, find the plane containing the intersecting 

lines. 

29. Li:x=-1+4 yH=2+4 z=1-6& 
L2:x = 1 4s, y=1+2s, z=2-— 2s; 

30. Li:x=t y=3-3t4, z=-2-f6 
L2x=1+s, y=4t+s, z=-lt+s; 

31. Find a plane through P,(2, 1, —1) and perpendicular to the line of 
intersection of the planes 2x + y — z= 3,x+ 2y+ z= 2. 


32. Find a plane through the points P,(1, 2, 3), P,(3, 2, 1) and perpen- 
dicular to the plane 4x — y + 2z7 = 7. 


o<ct<w 


wo<cs < hw 


OOS f= CO 


wo<cs << 


Distances 
In Exercises 33-38, find the distance from the point to the line. 


33. (0,0,12); x=4t, y=-2t, z= 2t 

34. (0,0,0); x =5+34, y=5+4+4t, -=-3-5t 
35. (2,1,3);5 x=2+24, y=H=1+64, 2=3 

36. (2,1,-1); x= 24, y=1+ 21, z= 2t 

37. (3,-1.4; x=4-14 y=34+2t, -=-5 + 3t 
38. (-1,4,3); x=10+ 4, y=-3, 2z=4 


In Exercises 39—44, find the distance from the point to the plane. 
39. (2,—3,4), x + 2y + 2z = 13 

40. (0,0,0), 3x + 2y + 67 = 6 

41. 0,1,1, 4y+3z=-12 

42. (2,2,3), 2x+y+2z=4 

43. (0,-1,0), 2x+y+2z=4 

44. (1,0,—-1), 


45. Find the distance from the plane x + 2y + 6z = 1 to the plane 
x + 2y + 6z = 10. 


46. Find the distance from the line x=2+¢4,y=1+14, 
z = —(1/2) — (1/2)r to the plane x + 2y + 6z = 10. 


4x+y+z=4 
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Angles 
Find the angles between the planes in Exercises 47 and 48. 


47,x+y=1, 2wt+y-2z,=2 

48. 5x + y-—z=10, x- 2y+3z=-1 

Use a calculator to find the acute angles between the planes in Exer- 
cises 49-52 to the nearest hundredth of a radian. 

49. 2x + 2y + 2z=3, 2e—2y—z2=5 

50. x+y +z=1, z=0 (the xy-plane) 

51. 2n + 2y—z2=3, x+2yt+z=2 

52. 4y + 3z =—-12, 3x+ 2y + 62 = 6 


Intersecting Lines and Planes 
In Exercises 53—56, find the point in which the line meets the plane. 


53. x=1-t4, y=3tf, z=1lt+n xz-yt+3z=6 

544x%=2, y=3+2t4, z=-2-2t Ox + 3y -42=-12 
55.x=1+24 y=1+ St, 
56. x =-1+34 y=-2, 


z=3mh xtyt+z=2 
2x — 3z=7 


z= 5th 


Find parametrizations for the lines in which the planes in Exercises 
57-60 intersect. 


Si) ety tel, xty=2 

58. 3x — 6y — 2z = 3, A2x+y-2z=2 
59. x- 2y+4z,=2, x+y-2z=5 
60. 5x —2y=11, 4y-5z=-17 


Given two lines in space, either they are parallel, they intersect, or 
they are skew (lie in parallel planes). In Exercises 61 and 62, deter- 
mine whether the lines, taken two at a time, are parallel, intersect, or 
are skew. If they intersect, find the point of intersection. Otherwise, 
find the distance between the two lines. 


61. Li:x=3+24, y=-1+ 4, 27=2-6 co<t< oo 
L2:x = 1+ 4s,y = 14 25,z = —3 + 49; co<s<o 
D3:x=3+2ry=H=2+7,27=-24+ 27; o<r<o 


62. Li:x=1+24, y=-1l-t z7z=34 
L2:x=2-s, y=3s, z=1+t+5; 
L3:x=5+2r, y=1 


wo<ct<w 


co<s < Ww 


wo<cr<owo 


Theory and Examples 

63. Use Equations (3) to generate a parametrization of the line 
through P(2, —4, 7) parallel to v, = 2i — j + 3k. Then generate 
another parametrization of the line using the point P,(—2, —2, 1) 
and the vector v) = —i + (1/2)j — (3/2)k. 

64. Use the component form to generate an equation for the plane 
through P,(4, 1,5) normal to n, = i — 2j + k. Then generate 
another equation for the same plane using the point P,(3, —2, 0) 
and the normal vector ny = V2i 4 2V2j Vk. 


65. Find the points in which the line x = 1+ 24,y=-1-4, 
z = 3t meets the coordinate planes. Describe the reasoning 
behind your answer. 


66. Find equations for the line in the plane z = 3 that makes an angle 
of 7/6 rad with i and an angle of 7/3 rad with j. Describe the 
reasoning behind your answer. 


67. Is the line x = 1 — 2t,y = 2 + 5t,z = —3t parallel to the plane 
2x + y — z = 8? Give reasons for your answer. 
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68. 


69. 


70. 


71. 


72. 


73. 


How can you tell when two planes A,x + Byy + Ciz = D, and 
Ax + Byy + Cyz = Dy, are parallel? Perpendicular? Give rea- 
sons for your answer. 


Find two different planes whose intersection is the line 
x=1+ty=2-t,27=3 + 2t. Write equations for each 
plane in the form Ax + By + Cz = D. 


Find a plane through the origin that is perpendicular to the plane 
M: 2x + 3y + z = 12 in a right angle. How do you know that 
your plane is perpendicular to M? 


The graph of (x/a) + (y/b) + (z/c) = 1 isa plane for any non- 
zero numbers a, b, and c. Which planes have an equation of this 
form? 


Suppose L, and Ly, are disjoint (nonintersecting) nonparallel 
lines. Is it possible for a nonzero vector to be perpendicular to 
both L, and L,? Give reasons for your answer. 


Perspective in computer graphics In computer graphics and 
perspective drawing, we need to represent objects seen by the eye 
in space as images on a two-dimensional plane. Suppose that the 
eye is at E(x, 0, 0) as shown here and that we want to represent a 
point P,(x;, y;, Z;) as a point on the yz-plane. We do this by pro- 
jecting P, onto the plane with a ray from E. The point P, will be 
portrayed as the point P(0, y, z). The problem for us as graphics 
designers is to find y and z given E and P,. 


a. Write a vector equation that holds between EP and EP,. Use 
the equation to express y and z in terms of x, x), yj, and z,. 
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b. Test the formulas obtained for y and z in part (a) by investi- 
gating their behavior at x, = 0 and x, = x, and by seeing 
what happens as xy — 00. What do you find? 


rd 
A 


P(O, y, z) 


Pi, Vp WA | 


E(xo, 0, 0) 


74. Hidden lines in computer graphics Here is another typical 


problem in computer graphics. Your eye is at (4, 0, 0). You are 
looking at a triangular plate whose vertices are at (1, 0, 1), (1, 1, 0), 
and (—2, 2, 2). The line segment from (1, 0, 0) to (0, 2, 2) passes 
through the plate. What portion of the line segment is hidden 
from your view by the plate? (This is an exercise in finding inter- 
sections of lines and planes.) 


Zz Generating curve 
(in the yz-plane) 


generating curve 
parallel to x-axis 


FIGURE 12.43 A cylinder and generat- 
ing curve. 


Up to now, we have studied two special types of surfaces: spheres and planes. In this sec- 
tion, we extend our inventory to include a variety of cylinders and quadric surfaces. Quadric 
surfaces are surfaces defined by second-degree equations in x, y, and z. Spheres are quadric 
surfaces, but there are others of equal interest which will be needed in Chapters 14-16. 


Cylinders 


A cylinder is a surface that is generated by moving a straight line along a given planar 
curve while holding the line parallel to a given fixed line. The curve is called a generating 
curve for the cylinder (Figure 12.43). In solid geometry, where cylinder means circular 
cylinder, the generating curves are circles, but now we allow generating curves of any 
kind. The cylinder in our first example is generated by a parabola. 


EXAMPLE 1 Find an equation for the cylinder made by the lines parallel to the z-axis 
that pass through the parabola y = x’, z = 0 (Figure 12.44). 


Solution The point P(x, xo, 0) lies on the parabola y = x” in the xy-plane. Then, for 
any value of z, the point Q(x, x07, z) lies on the cylinder because it lies on the line 
X = Xo, y = Xo” through Py parallel to the z-axis. Conversely, any point Q(X, x9, z) whose 
y-coordinate is the square of its x-coordinate lies on the cylinder because it lies on the line 
X = Xo, Y = Xo” through P parallel to the z-axis (Figure 12.44). 

Regardless of the value of z, therefore, the points on the surface are the points whose 
coordinates satisfy the equation y = x?. This makes y = x” an equation for the cylinder. 
Because of this, we call the cylinder “the cylinder y = x~.” a 


>N 


$— Qo (Xo, X07, 2) 


FIGURE 12.44 Every point of the cyl- 
inder in Example | has coordinates of the 


form (Xp, X97, Z). We call it “the cylinder 


y = x2.” 
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As Example | suggests, any curve f(x, y) = c in the xy-plane defines a cylinder par- 
allel to the z-axis whose equation is also f(x,y) = c. For instance, the equation 
x? + y? = 1 defines the circular cylinder made by the lines parallel to the z-axis that pass 
through the circle x7 + y? = 1 in the xy-plane. 

In a similar way, any curve g(x, z) = c in the xz-plane defines a cylinder parallel to 
the y-axis whose space equation is also g(x, z) = c. Any curve h(y, z) = c defines a cylin- 
der parallel to the x-axis whose space equation is also h(y, z) = c. The axis of a cylinder 
need not be parallel to a coordinate axis, however. 


Quadric Surfaces 


A quadric surface is the graph in space of a second-degree equation in x, y, and z. In this 
section we study quadric surfaces given by the equation 


Ax? + By? + Cz? + Dz = E, 


where A, B, C, D, and E are constants. The basic quadric surfaces are ellipsoids, parabo- 
loids, elliptical cones, and hyperboloids. Spheres are special cases of ellipsoids. We pres- 
ent a few examples illustrating how to sketch a quadric surface, and then give a summary 
table of graphs of the basic types. 


EXAMPLE 2 The ellipsoid 


(Figure 12.45) cuts the coordinate axes at (a, 0,0), (0, =b, 0), and (0,0, +c). It lies 
within the rectangular box defined by the inequalities |x| < a, |y| < b, and |z| < c. The 
surface is symmetric with respect to each of the coordinate planes because each variable in 
the defining equation is squared. 


Zz Zz 
Elliptical cross-section uN 
in the plane z = zg A : 
x? y? 
The ellipse = + >5=1 
a . a be 
vo \y" the xy-plane 
ss y 
x 
The ellipse 
e ° The ellipse y + z = 
S+S5=1 Be 


in the xz-plane ee 
FIGURE 12.45 = The ellipsoid 


2 
xy z 


Ce bP @ 


in Example 2 has elliptical cross-sections in each of the three coordinate planes. 


The curves in which the three coordinate planes cut the surface are ellipses. For example, 
ey 


5 pt when z= 0. 
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The parabola z = 2 y? in the yz-plane 


The parabola z = — Sx? 
a 


in the xz-plane 


The curve cut from the surface by the plane z = Zo, Z| < c, is the ellipse 


2 
x y 


+ = 
AL — (%/e?) BCL — (/e)”) 
If any two of the semiaxes a, b, and c are equal, the surface is an ellipsoid of revolu- 
tion. If all three are equal, the surface is a sphere. a 


EXAMPLE 3 The hyperbolic paraboloid 


2 
y x 2 
ye eee 


has symmetry with respect to the planes x = 0 and y = O (Figure 12.46). The cross- 
sections in these planes are 


x = 0: the parabola z = me (1) 
y = 0: the parabola z = ~o, (2) 
a 


In the plane x = 0, the parabola opens upward from the origin. The parabola in the plane 
y = 0 opens downward. 
If we cut the surface by a plane z = z > 0, the cross-section is a hyperbola, 
yx %& 


b a Ge? 


with its focal axis parallel to the y-axis and its vertices on the parabola in Equation (1). If 
Zp is negative, the focal axis is parallel to the x-axis and the vertices lie on the parabola in 
Equation (2). 


ye 
Part of the hyperbola ep _ = =1 


in the plane z = c 


ey) 
Part of the hyperbola 5 -u=1 


~~ inthe plane z = —c 


FIGURE 12.46 The hyperbolic paraboloid (y?/b?) — (x?/a*) = z/c,¢ > 0. The cross-sections in planes perpendicular to the 
z-axis above and below the xy-plane are hyperbolas. The cross-sections in planes perpendicular to the other axes are parabolas. 


Near the origin, the surface is shaped like a saddle or mountain pass. To a person trav- 
eling along the surface in the yz-plane the origin looks like a minimum. To a person travel- 
ing the xz-plane the origin looks like a maximum. Such a point is called a saddle point of 
a surface. We will say more about saddle points in Section 14.7. a 


Table 12.1 shows graphs of the six basic types of quadric surfaces. Each surface 
shown is symmetric with respect to the z-axis, but other coordinate axes can serve as well 
(with appropriate changes to the equation). 


TABLE 12.1 Graphs of Quadric Surfaces 
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an 


Elliptical cross-section 7 
in the plane z = zy |/ 


5 
> 


3: 


2: 


The ellipse a sid B = 


in the xy-plane 


y 
x 
The ellipse 
2 yp 2 
74h 51 The ellipse 45 + 75 =! 
ae 


: in the yz-plane 
in the xz-plane yep 


rv VY 2 
ELLIPSOID jf 8 ae? sg = 
a b c 
The line z = —£ B The ellipse 2 + y =1 Zz 
oa pf Cc Rr 
in the yz-plane gah in the planez=c 


. et. 
The line z= 5x 


in the xz-plane 


au 


2 42 
Part of the hyperbola Yo Syd 


z 


en 1 s 2 y2 
The parabola z = @ The ellipse + Le, 
ae 2 


in the xz-plane 


_ inthe plane z = c 


2 


The parabola z = ra 


in the yz-plane 


Part of the hyperbola 2 


z 


The ellipse x + 


a ob 
J io the plane z = c 


2 


2 2 
The ellipse = + ae =1 
7 a FP 


in the xy-plane 


y 


bP 2 


in the yz-plane SULWSE | 
¥ ey 2 
ELLIPTICAL CONE err HYPERBOLOID OF ONE SHEET ~3 + rt arn oo 1 
a 
The parabola z = ay in the yz-plane 4 ‘ 
& Part of the hyperbola = a =] 
a 
in the plane z = c 
2 
2 Theellipse S+ a 24 : 
in the plane z = V2 3 
2 y 
\ Part of the hyperbola = = =1 
The parabola z = ae * in the plane z = -c —2 
pe 
in the xz-plane 
The hyperbola Pa 
Ce 7 
x 
2 2 
J xg 
HYPERBOLIC PARABOLOID Pr o2@ © c>0 
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Exercises 12.6 | 


Matching Equations with Surfaces 


In Exercises 1-12, match the equation with the surface it defines. 
Also, identify each surface by type (paraboloid, ellipsoid, etc.). The 


surfaces are labeled (a)—(1). 


1. x? + y? + 47? = 10 2.24 4% -4°=4 
3. 9y? + 2 = 16 4 y+ 2 =x 

5. 6 x=-y-2 

7. 8B 2 +x -y=l 
9, 10. z = —4x? — y? 


12. 9x? + 4y? + 27? = 36 
b. z 


z 


Drawing 


Sketch the surfaces in Exercises 13-44. 


CYLINDERS 

13. x°+y=4 14,.7=y-1 

15. x7 + 42? = 16 16. 4x? + y? = 36 
ELLIPSOIDS 

17. 9° +y4+2=9 18. 4x? + 47 + 2 = 16 
19. 4x7 + Oy? + 47? = 36 20. 9x? + 4y? + 3627 = 36 
PARABOLOIDS AND CONES 

21. z= x? + 4y? 22.z=8-x-y 
23. x=4- 4-2 24y=1-xr-2 
25. x? + y= 2 26. 4x? + 92? = 9y? 
HYPERBOLOIDS 

27.7% +y-2=1 2%. yt e-xr=1 
29, 2-x-y=1 30. (y?/4) — (7/4) - 2 = 1 
HYPERBOLIC PARABOLOIDS 

31. yw — x? =z 32. x —y?=z 
ASSORTED 

33.z=1+y--x 34. 4x? + 4y? = 2? 

35. y = —(x2 + 2) 36. 16x? + 4y? = 1 

37, xP +y-— = 38. P+ 2=y 

39. P+ 2=1 40. 16y? + 92? = 4x? 
41. 2 = —-(x? + y?) 42. y-x-2=1 
43. 47 + 2 -— 4° = 44, 7° + yy? =27 


Theory and Examples 


45. a. Express the area A of the cross-section cut from the ellipsoid 


aes 
2 — = 
xe 4 + 9 1 
by the plane z = c as a function of c. (The area of an ellipse 


with semiaxes a and b is wrab.) 


. Use slices perpendicular to the z-axis to find the volume of 


the ellipsoid in part (a). 


. Now find the volume of the ellipsoid 


2 
xe oy 2 


e Pr & 
Does your formula give the volume of a sphere of radius a if 
a=b=c? 


46. 


47. 


48. 


The barrel shown here is shaped like an ellipsoid with equal pieces 
cut from the ends by planes perpendicular to the z-axis. The cross- 
sections perpendicular to the z-axis are circular. The barrel is 2h 
units high, its midsection radius is R, and its end radii are both r. 
Find a formula for the barrel’s volume. Then check two things. 
First, suppose the sides of the barrel are straightened to turn the 
barrel into a cylinder of radius R and height 24. Does your formula 
give the cylinder’s volume? Second, suppose r = 0 and h = R so 
the barrel is a sphere. Does your formula give the sphere’s volume? 


>N 


Show that the volume of the segment cut from the paraboloid 
2. 


ey 

2 b2 
by the plane z = A equals half the segment’s base times its 
altitude. 


& 
c 


a 


a. Find the volume of the solid bounded by the hyperboloid 


vie 2, 
ce bP ¢@ 


and the planes z = 0 andz=h,h> 0. 
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b. Express your answer in part (a) in terms of / and the areas Ap 
and A), of the regions cut by the hyperboloid from the planes 
z= Oandz=h. 


c. Show that the volume in part (a) is also given by the formula 
V= A Ay + 4A,, + Aj), 


where A,, is the area of the region cut by the hyperboloid 
from the plane z = h/2. 


Viewing Surfaces 
Plot the surfaces in Exercises 49-52 over the indicated domains. If 
you can, rotate the surface into different viewing positions. 


49. 
50. 
51. 
52. 


z=y, -2<x<2, -05<y<2 

z=1-y, —2<x=<=2, -2<y<2 
zg=erty, 35x53, 35 y53 
z=x4+ 2y over 

62ers, =a 753 


COMPUTER EXPLORATIONS 
Use a CAS to plot the surfaces in Exercises 53-58. Identify the type 
of quadric surface from your graph. 


53: 


55. 


57. 


ey a ne oa y 
e967 * 95 ak Me eee: 
2 
y x? 
2— 2 _ 2,2 ~~, 
5x Zz 3y 56. 7 1 9 tz 
x? wf. 2 7 
9 Le" 2 58. y 4 z=0 


Chapter 12— Questions to Guide Your Review 


1. 


When do directed line segments in the plane represent the same 
vector? 


. How are vectors added and subtracted geometrically? Algebra- 


ically? 


. How do you find a vector’s magnitude and direction? 


. If a vector is multiplied by a positive scalar, how is the result 


related to the original vector? What if the scalar is zero? Negative? 


. Define the dot product (scalar product) of two vectors. Which 


algebraic laws are satisfied by dot products? Give examples. 
When is the dot product of two vectors equal to zero? 


What geometric interpretation does the dot product have? Give 
examples. 


What is the vector projection of a vector u onto a vector v? Give 
an example of a useful application of a vector projection. 


Define the cross product (vector product) of two vectors. Which 
algebraic laws are satisfied by cross products, and which are not? 
Give examples. When is the cross product of two vectors equal to 
zero? 


What geometric or physical interpretations do cross products 
have? Give examples. 


10. 


11. 


12. 


13. 


14. 
15. 


16. 


17. 


What is the determinant formula for calculating the cross product 
of two vectors relative to the Cartesian i, j, k-coordinate system? 
Use it in an example. 

How do you find equations for lines, line segments, and planes in 
space? Give examples. Can you express a line in space by a single 
equation? A plane? 

How do you find the distance from a point to a line in space? 
From a point to a plane? Give examples. 


What are box products? What significance do they have? How 
are they evaluated? Give an example. 
How do you find equations for spheres in space? Give examples. 


How do you find the intersection of two lines in space? A line and 
a plane? Two planes? Give examples. 


What is a cylinder? Give examples of equations that define cylin- 
ders in Cartesian coordinates. 


What are quadric surfaces? Give examples of different kinds of 
ellipsoids, paraboloids, cones, and hyperboloids (equations and 
sketches). 
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Chapter ff PA Practice Exercises 


Vector Calculations in Two Dimensions 
In Exercises 1-4, let u = (—3,4) and v = (2,—5). Find (a) the 
component form of the vector and (b) its magnitude. 


1. 3u — 4v 2utyv 
3. —2u 4. 5v 


In Exercises 5—8, find the component form of the vector. 


5. The vector obtained by rotating (0, 1) through an angle of 27/3 
radians 


6. The unit vector that makes an angle of 7/6 radian with the posi- 
tive x-axis 


7. The vector 2 units long in the direction 4i — j 


8. The vector 5 units long in the direction opposite to the direction 
of (3/5)i + (4/5)j 


Express the vectors in Exercises 9-12 in terms of their lengths and 
directions. 


9. V2i+ V2j 10. -i-j 


11. Velocity vector v = (—2 sinfi + (2cosfj when t = 77/2. 


12. Velocity vector v = (e‘cost — e‘sin#i + (e’sint + e'cosf)j 


when ¢ = In2. 


Vector Calculations in Three Dimensions 
Express the vectors in Exercises 13 and 14 in terms of their lengths 
and directions. 


13. 2i — 3j + 6k 14. i+ 2j3 -—k 
15. Find a vector 2 units long in the direction of v = 4i — j + 4k. 


16. Find a vector 5 units long in the direction opposite to the direction 
of v = (3/5)i + (4/5)k. 


In Exercises 17 and 18, find |v|, |u|, v-u,u-v,v X u,u X vy, 
|v X ul, the angle between v and u, the scalar component of u in the 
direction of v, and the vector projection of u onto v. 


170 v=i+j 18. v=i+j+ 2k 
v= 21+ j— 2k u=-i-k 

In Exercises 19 and 20, find proj, u. 

19. v= 2i+j-—k 20. u=i—- 2j 
u=i+ j — 5k v=it+j+k 


In Exercises 21 and 22, draw coordinate axes and then sketch u, v, 


and u X v as vectors at the origin. 
21.u=i, v=it+j 22, u=i-j, v=it+j 
23. If |v| = 2, 

v — 2w. 


w| = 3, and the angle between v and w is 77/3, find 


24. For what value or values of a will the vectors u = 2i + 4j — 5k 
and v = —4i — 8j + ak be parallel? 


In Exercises 25 and 26, find (a) the area of the parallelogram deter- 
mined by vectors u and v and (b) the volume of the parallelepiped 
determined by the vectors u, v, and w. 


25. u=i+j-—k, v=2it+jt+k, w=-i- 2j + 3k 


26. u=i+j, v=j, w=itjt+k 


Lines, Planes, and Distances 

27. Suppose that n is normal to a plane and that v is parallel to the 
plane. Describe how you would find a vector n that is both per- 
pendicular to v and parallel to the plane. 


28. Find a vector in the plane parallel to the line ax + by = c. 


In Exercises 29 and 30, find the distance from the point to the line. 
29. (2, 2,0); x tt y=t Zz 1l+t 
30. (0,4,I);x=2+4 y=2+t z2.=t 


31. Parametrize the line that passes through the point (1, 2, 3) parallel 
to the vector v = —3i + 7k. 


32. Parametrize the line segment joining the points P(1, 2, 0) and 
OW, 3. = 1): 

In Exercises 33 and 34, find the distance from the point to the plane. 

33. (6,0,-6), x --y=4 

34. (3,0,10), 2x + 3y+z=2 


35. Find an equation for the plane that passes through the point 
(3, —2, 1) normal to the vector n = 2i + j + k. 


36. Find an equation for the plane that passes through the point 
(-1, 6,0) perpendicular to the line x = —-1+4,y = 6 — 21, 
Zz = 3t. 


In Exercises 37 and 38, find an equation for the plane through points 
P,Q, and R. 

37. PU;=1,2). O22, 1,3);. RE1,2;=1) 

38. P(1, 0,0), Q(0, 1,0), RO, 0, 1) 


39. Find the points in which the line x = 1+ 24,y=~—1— Ff, 
z = 3t meets the three coordinate planes. 


40. Find the point in which the line through the origin perpendicular 
to the plane 2x —- y— z=4 meets the plane 3x — 5y + 
2z = 6. 


41. Find the acute angle between the planes x = 7 and x + y + 


V2z = -3. 


42. Find the acute angle between the planes x + y = landy + z= 1. 


43. Find parametric equations for the line in which the planes 
x + 2y + z= Land x — y + 2z = —8 intersect. 


44. Show that the line in which the planes 
x+2y—-—2z=5 and 5x-2y-—z=0 


intersect is parallel to the line 


x=-34+2t y=3t z=14+ 4. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


61. 


The planes 3x + 6z = 1 and 2x + 2y — z = 3 intersect in a line. 
a. Show that the planes are orthogonal. 

b. Find equations for the line of intersection. 

Find an equation for the plane that passes through the point 
(1, 2, 3) parallel tou = 2i + 3j + k andv =i —j+ 2k. 


Is v = 2i — 4j + k related in any special way to the plane 
2x + y = 5? Give reasons for your answer. 


— 


The equation n- Py)P = 0 represents the plane through P) normal 
to n. What set does the inequality n- P)P > 0 represent? 

Find the distance from the point P(1, 4, 0) to the plane through 
A(0, 0, 0), B(2, 0, —1), and C(2, -1, 0). 

Find the distance from the point (2, 2, 3) to the plane 
2x + 3y + 5z = 0. 

Find a vector parallel to the plane 2x — y — z = 4 and orthogo- 
naltoi+4j+t+k. 

Find a unit vector orthogonal to A in the plane of B and C if 
A = 2i-j+k,B=i+ 27 +k, andC =i+j — 2k. 

Find a vector of magnitude 2 parallel to the line of intersection of 
the planes x + 2y + z—1=Oandx—y+t+2z+7=0. 


Find the point in which the line through the origin perpendicular 
to the plane 2x — y— z=4 meets the plane 3x — 5y + 
2z = 6. 

Find the point in which the line through P(3, 2, 1) normal to the 
plane 2x — y + 2z = —2 meets the plane. 


What angle does the line of intersection of the planes 
2x +y—z=0 and x + y + 2z = 0 make with the positive 
x-axis? 


The line 


intersects the plane x + 3y — z = —4 in a point P. Find the 
coordinates of P and find equations for the line in the plane 
through P perpendicular to L. 


Show that for every real number k the plane 


x—-2ytz+3+k2x-y—-z+1)=0 


contains the line of intersection of the planes 
x= 2p her3=0 and 2-yor+ l= 0. 


Find an equation for the plane through A(—2,0,—3) and 
BU,-2,1) that lies parallel to the line through 
C2, -13/5, 26/5) and D(16/5, —13/5, 0). 

Is the line x = 1 + 2t,y = —2 + 3t,z = —5t related in any way 
to the plane —4x — 6y + 10z = 9? Give reasons for your answer. 


Which of the following are equations for the plane through the 
points P(1, 1,—1), Q(3, 0, 2), and R(—2, 1, 0)? 


62. 


63. 


64. 
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a. (2i — 3j + 3k)- (x + 2) + GY — Dj + zk) = 0 

bx=3-t y=-l1lt, z=2-3t 

ce. (x + 2) + Il — 1) = 3z 

d. (2i — 3j + 3k) X (x + 2)i + (Gy — Lj + zk) = 0 

e. (2i — j + 3k) X (-31 + kK): (a + 2)i + (Cy — Dj + zk) 
= 0 

The parallelogram shown here has vertices at A(2,—1, 4), 


BC, 0,—1), C(A, 2, 3), and D. Find 


z 
A 


D 
e 
| 
A(2, 1, 4) 
| 
ec(1, 2, 3) 
| 
~~. f 
yt 
e 
7 ae 
Js 
Bd, 0, —1) 


x 


the coordinates of D, 

the cosine of the interior angle at B, 
the vector projection of BA onto BC F 
the area of the parallelogram, 


an equation for the plane of the parallelogram, 


me fe o > pf 


the areas of the orthogonal projections of the parallelogram 
on the three coordinate planes. 


Distance between skew lines Find the distance between the 
line L, through the points A(1,0,—1) and B(—1, 1,0) and the 
line L, through the points C(3, 1,—1) and D(4, 5, —2). The dis- 
tance is to be measured along the line perpendicular to the two 
lines. First find a vector n perpendicular to both lines. Then proj- 
ect AC onto n. 


(Continuation of Exercise 63.) Find the distance between the line 
through A(4, 0, 2) and B(2, 4, 1) and the line through C(1, 3, 2) 
and D(2, 2, 4). 


Quadric Surfaces 
Identify and sketch the surfaces in Exercises 65-76. 


65. 
67. 
69. 
71. 
73. 
75. 


P+yt7=4 66. xr +y-1IP+2=l1 
47+ 4°+2=4 68. 36x? + 9y? + 47? = 36 
z=—(x? + y’) 70. y = —(x? + 2) 
P+yp=7 72, P+ 2=y 
P+yp—-272=4 74. 47 + 2 -— 4° = 
y-x-2=1 76. 2-x-y=1 
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Chapter J Pa Additional and Advanced Exercises 


1. Submarine hunting Two surface ships on maneuvers are trying clockwise when we look toward the origin from A. Find the 
to determine a submarine’s course and speed to prepare for an air- velocity v of the point of the body that is at the position B(1, 3, 2). 
craft intercept. As shown here, ship A is located at (4, 0, 0), whereas 
ship B is located at (0, 5, 0). All coordinates are given in thousands z 


of feet. Ship A locates the submarine in the direction of the vector 
2i + 3j — (1/3)k, and ship B locates it in the direction of the vec- 
tor 18i — 6j — k. Four minutes ago, the submarine was located at 
(2,—1,—1/3). The aircraft is due in 20 min. Assuming that the 
submarine moves in a straight line at a constant speed, to what 
position should the surface ships direct the aircraft? 


z 


5. Consider the weight suspended by two wires in each diagram. 
Find the magnitudes and components of vectors F, and F;, and 
angles a and B. 


a. 5 ft 


Submarine 


NOT TO SCALE 


100 Ibs 


2. A helicopter rescue Two helicopters, H, and Hs, are traveling 
together. At time ¢ = 0, they separate and follow different b 


. : : 13 ft 
straight-line paths given by 


Ay x=6+ 407, y=-34+ 107, z=-—3 +4 2t 
Ay x=64+ 110, y=-34+ 4, -=-34+1. 


Time f¢ is measured in hours, and all coordinates are measured in 
miles. Due to system malfunctions, H, stops its flight at (446, 
13, 1) and, in a negligible amount of time, lands at (446, 13, 0). 
Two hours later, H, is advised of this fact and heads toward H, at 


150:mph. How long will it take H, toreach Hy? 6. Consider a weight of w N suspended by two wires in the diagram, 
3. Torque The operator’ s manual for the Toro® 21-in. lawnmower where T, and T; are force vectors directed along the wires. 

says “tighten the spark plug to 15 ft-lb (20.4 N+ m).” If you are 

installing the plug with a 10.5-in. socket wrench that places the 

center of your hand 9 in. from the axis of the spark plug, about 

how hard should you pull? Answer in pounds. 


200 Ibs 


(Hint: This triangle is a right triangle.) 


a. Find the vectors T, and T, and show that their magnitudes are 


w cos B 
IT ~ sin(a + B) 


and 


4. Rotating body The line through the origin and the point A(1, 1, 1) _ weosa@ 
is the axis of rotation of a rigid body rotating with a constant || ~ sin(a + B)’ 
angular speed of 3/2 rad/sec. The rotation appears to be 


b. Fora fixed 8 determine the value of a which minimizes the 
magnitude |T,| . 
c. Fora fixed a determine the value of B which minimizes the 
magnitude |T,| . 
7. Determinants and planes 
a. Show that 


Ay TX WT Y BZ 
Xy-X WY Bz) =0 
x3 X 37 VY 3B 


is an equation for the plane through the three noncollinear 
points Pi(x1, Yj, 21), Px, Y2, 22), and P3(x3, V3, 23). 
b. What set of points in space is described by the equation 


x y zi 
HY Mw 4 I _ 0? 
mM wm B® 1 
%3 3 & | 


8. Determinants and lines Show that the lines 


x=astbh, y=asth, z=as +b, -O<s5s< Ww 
and 
x=qttd, y=ott+d, 72= ott ds, wo<t<em, 


intersect or are parallel if and only if 


a, Cl b, = d, 
a Cy by— d| = 0. 
a3 C3 b; _ d, 


9. Consider a regular tetrahedron of side length 2. 


a. Use vectors to find the angle 6 formed by the base of the 
tetrahedron and any one of its other edges. 


b. Use vectors to find the angle 6 formed by any two adjacent 
faces of the tetrahedron. This angle is commonly referred to 
as a dihedral angle. 


10. In the figure here, D is the midpoint of side AB of triangle ABC, 
and E is one-third of the way between C and B. Use vectors to 
prove that F is the midpoint of line segment CD. 


Cc 
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11. Use vectors to show that the distance from P,(x;, y,) to the line 
ax + by = cis 
d lax, + by, — ¢| 
Ve+tP - 
12. a. Use vectors to show that the distance from P,(x;, y), Z,) to the 
plane Ax + By + Cz = Dis 
4 |Ax; + By, + Cz, — D| 
VA +B +O 
b. Find an equation for the sphere that is tangent to the planes 
x+y+z=3andx+ y+ z= 9 ifthe planes 2x — y = 0 
and 3x — z = 0 pass through the center of the sphere. 


13. a. Distance between parallel planes Show that the distance 
between the parallel planes Ax + By + Cz =D, and 
Ax + By + Cz = Dy, is 

_ ID, - D,| 
|Ai + Bj + Ck| 
b. Find the distance between the planes 2x + 3y — z = 6 and 
24 Sy = 2= 12: 
c. Find an equation for the plane parallel to the plane 
2x — y + 2z = —4 if the point (3, 2, —1) is equidistant from 
the two planes. 


d. Write equations for the planes that lie parallel to and 5 units 
away from the plane x — 2y + z = 3. 


14. Prove that four points A, B, C, and D are coplanar (lie in a com- 
mon plane) if and only if AD- (AB x BC) = 0. 

15. The projection of a vector on a plane Let P be a plane in 
space and let v be a vector. The vector projection of v onto the 
plane P, projp v, can be defined informally as follows. Suppose 
the sun is shining so that its rays are normal to the plane P. Then 
projpv is the “shadow” of v onto P. If P is the plane 
x + 2y + 62 = 6andv =i+j+ Kk, find projpv. 

16. The accompanying figure shows nonzero vectors v, w, and z, 
with z orthogonal to the line ZL, and v and w making equal angles 
B with L. Assuming |v| = |w], find w in terms of v and z. 


Z 


B B : 


17. Triple vector products The triple vector products 
(u X v) X w and u X (v X w) are usually not equal, although 
the formulas for evaluating them from components are similar: 


(u X v) X w= (u-w)v — (Vv: wu. 
u X (v X w) = (u- w)v — (Uu'v)w. 


Verify each formula for the following vectors by evaluating its 
two sides and comparing the results. 


u Vv WwW 
a. 2i 2j 2k 
bi-jtk a+ j= Ik 4A+2-k 
ce. 21+ j 4—-jtk i+ 2k 


d.i+j—2k 
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18. 


19. 


20. 
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Cross and dot products Show that if u, v, w, and r are any 


vectors, then 
auX(vxXw)t+vxX (wXut+wxrx(uxvy=0 
b. u X v = (urv X Di + (urv X jj + (Curv X Kk 


u°w v°Ww 


c. (U X Vv): (W Xr) = 


u'r wr 
Cross and dot products Prove or disprove the formula 
u X (u X (u X v)):w = —|lul2u-v X w. 


By forming the cross product of two appropriate vectors, derive 
the trigonometric identity 


sin(A — B) = sinA cos B — cosA sinB. 


21. 


22. 


23. 
24. 
25. 


Use vectors to prove that 
(a? + b*)(c? + d?) = (ac + bd? 
for any four numbers a, b, c, and d. (Hint: Let u = ai + bj and 
v=c+ dj.) 
Dot multiplication is positive definite Show that dot multipli- 


cation of vectors is positive definite; that is, show u*u = 0 for 
every vector u and that u-u = 0 if and only ifu = 0. 


Show that |u + v| < |u| + |y| for any vectors u and v. 
Show that w = |v|u + |ulv bisects the angle between u and v. 


Show that |v|u + |ulv and |vju — |ulv are orthogonal. 


Chapter J Pl Technology Application Projects 


Mathematica/Maple Modules: 


Using Vectors to Represent Lines and Find Distances 
Parts I and II: Learn the advantages of interpreting lines as vectors. 
Part III: Use vectors to find the distance from a point to a line. 


Putting a Scene in Three Dimensions onto a Two-Dimensional Canvas 


Use the concept of planes in space to obtain a two-dimensional image. 


Getting Started in Plotting in 3D 
Part I: Use the vector definition of lines and planes to generate graphs and equations, and to compare different forms for the equations of a 
single line. 

Part II: Plot functions that are defined implicitly. 


VectorValued Functions 
and Motion in Space 


OVERVIEW Now that we have learned about vectors and the geometry of space, we can 
combine these ideas with our earlier study of functions. In this chapter we introduce the 
calculus of vector-valued functions. The domains of these functions are sets of real num- 
bers, as before, but their ranges consist of vectors, not scalars. When a vector-valued func- 
tion changes, the change can occur in both magnitude and direction, so the derivative is 
itself a vector. The integral of a vector-valued function is also a vector. We use the calculus 
of these functions to describe the paths and motions of objects moving in a plane or in 
space, so their velocities and accelerations are given by vectors. We also introduce new 
scalars that quantify the turning and twisting in the path of an object moving in space. 


1 a 1 Curves in Space and Their Tangents 


N 


we 


PFO, 80, AO) 


x 
FIGURE 13.1 The position vector 


r= OP ofa particle moving through 
space is a function of time. 


When a particle moves through space during a time interval /, we think of the particle’s 
coordinates as functions defined on /: 


x=f0, y=s®, z=h, tel (1) 


The points (x, y, z) = (f(0, g(t), h()), fe 7, make up the curve in space that we call the 
particle’s path. The equations and interval in Equation (1) parametrize the curve. 
A curve in space can also be represented in vector form. The vector 


r(t) = OP = foi + g(Oj + Ak (2) 


from the origin to the particle’s position P(f(‘), g(t), A(f)) at time ft is the particle’s posi- 
tion vector (Figure 13.1). The functions f, g, and / are the component functions (com- 
ponents) of the position vector. We think of the particle’s path as the curve traced by r 
during the time interval 7. Figure 13.2 displays several space curves generated by a com- 
puter graphing program. It would not be easy to plot these curves by hand. 

Equation (2) defines r as a vector function of the real variable f on the interval J. More 
generally, a vector-valued function or vector function on a domain set D is a rule that 
assigns a vector in space to each element in D. For now, the domains will be intervals of 
real numbers resulting in a space curve. Later, in Chapter 16, the domains will be regions 
in the plane. Vector functions will then represent surfaces in space. Vector functions on a 
domain in the plane or space also give rise to “vector fields,” which are important to the 
study of the flow of a fluid, gravitational fields, and electromagnetic phenomena. We 
investigate vector fields and their applications in Chapter 16. 

Real-valued functions are called scalar functions to distinguish them from vector 
functions. The components of r in Equation (2) are scalar functions of t. The domain of a 
vector-valued function is the common domain of its components. 
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FIGURE 13.3 The upper half of the 


helix r(t) = (cos f)i + (sin Dj 
(Example 1). 


>N 


>N 
oN 


r(t) = (sin32)(cos f)i + 


(sin31)(sinn)j + rk r(t) = (cosf)i + (sin#)j + (sin2Hk r(t) = (4 + sin20A)\(cos fi + 


(4 + sin20f)(sint)j + 
(cos201)k 


(a) (b) (c) 
FIGURE 13.2 Space curves are defined by the position vectors r(‘). 


EXAMPLE 1 Graph the vector function 
r(t) = (cos fi + (sinaAj + fk. 


Solution The vector function 
r(t) = (cos fi + (sinAj + tk 


is defined for all real values of t. The curve traced by r winds around the circular cylinder 
x? + y* = | (Figure 13.3). The curve lies on the cylinder because the i- and j-components 
of r, being the x- and y-coordinates of the tip of r, satisfy the cylinder’s equation: 


x? + y? = (cos f)? + (sin)? = 1. 


The curve rises as the k-component z = f increases. Each time f increases by 277, the 
curve completes one turn around the cylinder. The curve is called a helix (from an old 
Greek word for “spiral’’). The equations 


x = cost, y = sint, z=t 


parametrize the helix, the interval —co < tf < oo being understood. Figure 13.4 shows 
more helices. Note how constant multiples of the parameter t can change the number of 
turns per unit of time. | 


iN 
! 


; 


(1) 
| 


| 


A ED 
Ses eee 
(OS SS) 


y 
. y y 


r(t) = (cos f)i + (sin )j + tk r(t) = (cos Hi + (sin Dj + 0.3tk r(t) = (cos 5f)i + (sin 50) j + tk 


FIGURE 13.4  Helices spiral upward around a cylinder, like coiled springs. 


Limits and Continuity 


The way we define limits of vector-valued functions is similar to the way we define limits 
of real-valued functions. 


To calculate the limit of a vector func- 
tion, we find the limit of each component 


scalar function. 
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DEFINITION Let r(t) = f()i + gj + ACK be a vector function with domain 
D, and L a vector. We say that r has limit L as t approaches f and write 


limr(t) = L 


tf 


if, for every number € > 0, there exists a corresponding number 6 > 0 such 
that for all te D 


|r() — L| <e whenever 0< |t-—4| <6. 


If L = L,i + L,j + Lk, then it can be shown that lim,_,,r(t) = L precisely when 
lim f(t) = Ly, lim g(t) = L», and lim h(t) = L3. 
tI 


110 11 


We omit the proof. The equation 


limr(t) = (tim fo) + (tim «(0 + (tim ic) (3) 


11 119 11 


provides a practical way to calculate limits of vector functions. 


EXAMPLE 2 If r(t) = (cos Hi + (sin Dj + ¢k, then 


lim r(t) = ( lim cos ‘i + ( lim sin ‘i + ( lim ‘k 
t>7/4 t>7/4 t>7/4 t>7/4 


WV V2.,0 
a it org 


k. a 


We define continuity for vector functions the same way we define continuity for scalar 
functions defined over an interval. 


DEFINITION A vector function r(t) is continuous at a point ¢ = % in its 
domain if lim,_,,,r() = r(o). The function is continuous if it is continuous over 
its interval domain. 


From Equation (3), we see that r(¢) is continuous at t = f if and only if each compo- 
nent function is continuous there (Exercise 31). 


EXAMPLE 3 


(a) All the space curves shown in Figures 13.2 and 13.4 are continuous because their 
component functions are continuous at every value of f in (—©9, 00). 


(b) The function 

g(t) = (cos fi + (sindj + | t|k 
is discontinuous at every integer, where the greatest integer function |t| is 
discontinuous. a 
Derivatives and Motion 


Suppose that r(t) = f(Mi + g(Aj + ACK is the position vector of a particle moving along 
a curve in space and that f, g, and h are differentiable functions of t. Then the difference 
between the particle’s positions at time ¢ and time ¢ + At is 


Ar = r(t + At) — r(t) 
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>N 


r(t + At) — r(t) 


>N 


r(t + At) — r(t) 
At 


FIGURE 13.5 As At—0, the point Q 
approaches the point P along the curve C. 
In the limit, the vector PO / At becomes 
the tangent vector r'(f). 


FIGURE 13.6 A piecewise smooth 
curve made up of five smooth curves con- 


nected end to end in a continuous fashion. 
The curve here is not smooth at the points 
joining the five smooth curves. 


(Figure 13.5a). In terms of components, we find 
Ar = r(t + At) — r(t) 
[f+ Adi + g(t + Adj + ha + ADK] 
— [FOUL + gOj + hOK] 
[f+ A) — fO]i+ [ge + AD — g@O]j + [A + AD — hO]k. 


As At approaches zero, three things seem to happen simultaneously. First, Q approaches P 
along the curve. Second, the secant line PQ seems to approach a limiting position tangent 
to the curve at P. Third, the quotient Ar/Ar (Figure 13.5b) approaches the limit 


_ gt + At) — g(t) 
oe ee ee 


tim, At =| tim M* S040), i 
Aro At Ai>0 At Ai>0 At J 
7 | ies h(t + At) — “O}, 
At>0 At 


df|, _ |4g|. | | dh 
7 Fa . Sh i E Ps 
These observations lead us to the following definition. 


—_———— 
DEFINITION The vector function r(f) = f(Hi + g(Hj + h()k has a derivative 
(is differentiable) at ¢ if f, g, and h have derivatives at t. The derivative is the 
vector function 


(eS = ig An—r@Q) _ df. | dg. | dh 
dt si0 At dt* dt 


A vector function r is differentiable if it is differentiable at every point of its domain. 
The curve traced by r is smooth if dr /drt is continuous and never 0, that is, if f, g, and h 
have continuous first derivatives that are not simultaneously 0. 

The geometric significance of the definition of derivative is shown in Figure 13.5. The 
points P and Q have position vectors r(¢) and r(t + Ad), and the vector PQ is represented 
by r(¢ + At) — r(1). For Ar > 0, the scalar multiple (1 /Atn(ar(t + At) — r(f) points in 
the same direction as the vector PQ. As At— 0, this vector approaches a vector that is 
tangent to the curve at P (Figure 13.5b). The vector r’(f), when different from 0, is defined 
to be the vector tangent to the curve at P. The tangent line to the curve at a point 
(f(t), g(), A(t)) is defined to be the line through the point parallel to r'(f). We require 
dr/dt # 0 for a smooth curve to make sure the curve has a continuously turning tangent 
at each point. On a smooth curve, there are no sharp corners or cusps. 

A curve that is made up of a finite number of smooth curves pieced together in a con- 
tinuous fashion is called piecewise smooth (Figure 13.6). 

Look once again at Figure 13.5. We drew the figure for At positive, so Ar points for- 
ward, in the direction of the motion. The vector Ar/Azr, having the same direction as Ar, 
points forward too. Had At been negative, Ar would have pointed backward, against the 
direction of motion. The quotient Ar/ At, however, being a negative scalar multiple of Ar, 
would once again have pointed forward. No matter how Ar points, Ar/ Ar points forward 
and we expect the vector dr/dt = lim,,+) Ar/At, when different from 0, to do the same. 
This means that the derivative dr /dt, which is the rate of change of position with respect 
to time, always points in the direction of motion. For a smooth curve, dr/dt is never zero; 
the particle does not stop or reverse direction. 


FIGURE 13.7 The curve and the 
velocity vector when t = 77/4 for the 
motion given in Example 4. 
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DEFINITIONS If r is the position vector of a particle moving along a smooth 
curve in space, then 


d 
vi) =o 


is the particle’s velocity vector, tangent to the curve. At any time ¢, the direction 
of v is the direction of motion, the magnitude of v is the particle’s speed, and 
the derivative a = dv/dt, when it exists, is the particle’s acceleration vector. In 


summary, 
1. Velocity is the derivative of position: v= a 
2. Speed is the magnitude of velocity: Speed = |v]. 
be feos hes _dv_ dar 
3. Acceleration is the derivative of velocity: a a de 


4. The unit vector v/ | v| is the direction of motion at time t. 


EXAMPLE 4 Find the velocity, speed, and acceleration of a particle whose motion in 
space is given by the position vector r(t) = 2 costi + 2 sintj + 5 cos?tk. Sketch the 
velocity vector v(77 /4). 


Solution The velocity and acceleration vectors at time f are 


v(t) = r'(t) = —2 sinti + 2costj — 10 costsintk 
= —2sinti + 2costj — 5 sin 2rk, 


a(t) = (1) 


—2costi— 2sintj — 10 cos 2rk, 


and the speed is 


|v(t)| = V2 sin f2 + (2 cos A)? + (—5 sin 2)? = V4 + 25 sin? 21. 


When t = 77/4, we have 


(27) = V2i + V2j + 5k, a( 77) =-V2i+ V2j, 


A sketch of the curve of motion, and the velocity vector when t = 77/4, can be seen in 
Figure 13.7. a 


We can express the velocity of a moving particle as the product of its speed and 
direction: 


gms 


| -) = (speed)(direction). 
v 


Velocity = |v| ( 


Differentiation Rules 


Because the derivatives of vector functions may be computed component by component, 
the rules for differentiating vector functions have the same form as the rules for differenti- 
ating scalar functions. 
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When you use the Cross Product Rule, 
remember to preserve the order of the 
factors. If u comes first on the left side 


of the equation, it must also come first 
on the right or the signs will be wrong. 


Differentiation Rules for Vector Functions 
Let u and v be differentiable vector functions of t, C a constant vector, c any sca- 
lar, and f any differentiable scalar function. 
1. Constant Function Rule: £¢ = 0 
2. Scalar Multiple Rules: “ [cu(t)] = cu'() 
i Foun] = FOU + FOU" 
3. Sum Rule: £ [ui + v(t)] = u(t) + vO 
4. Difference Rule: £ [u(t v(t)] = u(t) — v(t) 
5. Dot Product Rule: 7, [u()- va) ] = u'()- v(t) + u(t): v'(0) 
6. Cross Product Rule: £ [u(t x w(t) ] = u(t) X v(t) + u(t) X V(t) 
7. Chain Rule: é [u(f@)] = fu’) 


We will prove the product rules and Chain Rule but leave the rules for constants, scalar 
multiples, sums, and differences as exercises. 


Proof of the Dot Product Rule Suppose that 


u = 4, (i + w(Hj + u3(Ok 
and 

Vv = vu (Di + vA(Hj + v3(Hk. 
Then 


d d 
ay) = a i + UV + UZV3) 


= uv, + uv. + uyv3 + uv + uv + u3V3. - 
i 
, 


u'-v u‘yv’ 


Proof of the Cross Product Rule We model the proof after the proof of the Product 
Rule for scalar functions. According to the definition of derivative, 
u(t + h) X vit + h) — u(t) X V(t) 

h : 


To change this fraction into an equivalent one that contains the difference quotients for the 
derivatives of u and v, we subtract and add u(t) X v(t + h) in the numerator. Then 


d : 
a Xv) = lim 


“uu xX Vv) 
anit, u(t + h) X wt + h) — u(t) X wt + h) + u(t) X Wt + Ah) — ult) X v(t) 
h—0 h 
_ lim u(t + 0 — u(t) x vt + A) + u(t) X v(t + 0 — v(t) 
. uit +h) - u(t) v(t + h) — v(t) 
= lim ————S. 


x lim v(t + h) + lim u(f) X lim 
h—0 h h—0 ( ) h—0 © h—>0 h 


As an algebraic convenience, we 
sometimes write the product of a scalar c 
and a vector v as vc instead of cv. This 


permits us, for instance, to write the 
Chain Rule in a familiar form: 


du _ duds 
dt ds dt’ 


where s = f(t). 


FIGURE 13.8 Ifa particle moves on 
a sphere in such a way that its position r 


is a differentiable function of time, then 
r+ (dr/dt) = 0. 


Exercises 13.1) 


Motion in the Plane 


In Exercises 1—4, r(f) is the position of a particle in the xy-plane at 
time t. Find an equation in x and y whose graph is the path of the par- 
ticle. Then find the particle’s velocity and acceleration vectors at the 


given value of f. 
1. ri) = (+ Lit (f - 1)j, 


t=1 
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The last of these equalities holds because the limit of the cross product of two vector func- 
tions is the cross product of their limits if the latter exist (Exercise 32). As h approaches 
zero, V(t + h) approaches v(f) because v, being differentiable at ¢, is continuous at t (Exer- 
cise 33). The two fractions approach the values of du /dt and dv /dt at t. In short, 


d _ du dv 
Bs = AT UA a 


Proof of the Chain Rule Suppose that u(s) = a(s)i + b(s)j + c(s)k is a differen- 
tiable vector function of s and that s = f(f) is a differentiable scalar function of t. Then a, 
b, and c are differentiable functions of t, and the Chain Rule for differentiable real-valued 
functions gives 


d da. _. db. , dc 
a Lh)! ~ at! tats at* 
_ dads ; i dbds. dcds). 
dsdt\ ' dsdt) " dsdt 
_dsf{da. , db. , dc 
dt (44 * as) dcx) 
_ dsdu 
dt ds 
= f'(u'(f(d). s=f@ Oo 


Vector Functions of Constant Length 


When we track a particle moving on a sphere centered at the origin (Figure 13.8), the posi- 
tion vector has a constant length equal to the radius of the sphere. The velocity vector dr / dt, 
tangent to the path of motion, is tangent to the sphere and hence perpendicular to r. This is 
always the case for a differentiable vector function of constant length: The vector and its first 
derivative are orthogonal. By direct calculation, 


r(t)° r(t) 
d . 
SO -rO] 


r()-r(t) + r@-r'() = 0 
2r'(t)-r(t) = 0. 


II 
fay 


|r()| = cis constant. 


0 Differentiate both sides. 


Rule 5 with r(f) = u(t) = v(t) 


The vectors r’(t) and r(t) are orthogonal because their dot product is 0. In summary, 


If r is a differentiable vector function of t of constant length, then 


r= =0. (4) 


We will use this observation repeatedly in Section 13.4. The converse is also true (see 
Exercise 27). 


t 1 1 


7 ae | 


2. r(t) = 


3. r(f) = eid =p t=In3 


9 


4. r(t) = (cos 2fi + (3sin 2)j, t= 0 
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Exercises 5-8 give the position vectors of particles moving along var- 
ious curves in the xy-plane. In each case, find the particle’s velocity 
and acceleration vectors at the stated times and sketch them as vectors 
on the curve. 


5. Motion on the circle x? + y? = 1 


r(f) = (sin Ai + (cos fj; t = 7/4 and 7/2 


6. Motion on the circle x? + y? = 16 


r(t) = (4 cos si (4 sin si t = mand 32/2 


7. Motion on the cycloid x = ¢ — sint, y = 1 — cost 


r(t) = (t— sinfi+ (1 


cos f)j;_ tf = mand 37/2 


8. Motion on the parabola y = x? + 1 


rt) = fit (? + Dj; t= —1,0, andl 


Motion in Space 

In Exercises 9-14, r(t) is the position of a particle in space at time ¢. 
Find the particle’s velocity and acceleration vectors. Then find the par- 
ticle’s speed and direction of motion at the given value of t. Write the 
particle’s velocity at that time as the product of its speed and direction. 


9. rif) = (t+ Dit (? — Lj t+ 2rk, t= 1 


10. rt) = (1 + Oi 


11. r() = (2cospi + Bsinhj + 4tk, t= 7/2 


12. r(t) = (sec fi + (tan Dj 4 tk, t= 7/6 


13. r(t) = (2In@ + Li + P+ Sk, t= 1 


14. r(f) = (ei + (2 cos 3f)j + (2sin3Hk, t= 0 


In Exercises 15-18, r(t) is the position of a particle in space at time f. 
Find the angle between the velocity and acceleration vectors at time 
t=0. 


15. r() = Br+ Di+ V3e + Pk 


16. r(t) = (2) (Pe 16") 


17. r(t) = (n(? + 1)i + (tan! Dj + VP + 1k 


18. r(4) = (1 + Dv 4 (1 1325 4 stk 

Tangents to Curves 

As mentioned in the text, the tangent line to a smooth curve 
r(t) = f(Di + gj + ADK at t = fh is the line that passes through 
the point (f(%), g(%), h(to)) parallel to v(t), the curve’s velocity vec- 
tor at f. In Exercises 19-22, find parametric equations for the line that 
is tangent to the given curve at the given parameter value t = {. 


19. r(t) = (sindi + (? — cosAj + ek, 4 = 0 


20. rf) = Pi+ Qr- Dj+ Pk, fh =2 


21. r() = Inti + £ 


Prey + tIntk, oH = 1 


22. r(t) = (cos fi + (sinjj + (sin2)k, = 


SE 


Theory and Examples 

23. Motion along a circle Each of the following equations in parts 
(a)-(e) describes the motion of a particle having the same path, 
namely the unit circle x7 + y* = 1. Although the path of each 
particle in parts (a)—(e) is the same, the behavior, or “dynamics,” 
of each particle is different. For each particle, answer the follow- 
ing questions. 


i) Does the particle have constant speed? If so, what is its con- 
stant speed? 


ii) Is the particle’s acceleration vector always orthogonal to its 
velocity vector? 


iii) Does the particle move clockwise or counterclockwise 
around the circle? 


iv) Does the particle begin at the point (1, 0)? 
a. r(t) = (cos Ai + (sinpj, t=O 
b. r(t) = cos(2f)i + sin(2nj, t= 0 
a/2)i + sin(t — 7/2)j, t= 0 
d. r(t) = (cos fi — (sintj, t=O 
e. r(t) = cos(#?)i + sin(#?)j, t= 0 
24. Motion along a circle Show that the vector-valued function 


c. r(t) = cos(t 


r(t) = (2i + 2j + k) 


dg ds : i 1, 1 
+ cos t i j) t+ sint i+ jt k) 
describes the motion of a particle moving in the circle of radius 1 
centered at the point (2,2,1) and lying in the plane 
x+y-2z=2. 
25. Motion along a parabola A particle moves along the top of the 
parabola y? = 2x from left to right at a constant speed of 5 units 


per second. Find the velocity of the particle as it moves through 
the point (2, 2). 


26. Motion along a cycloid A particle moves in the xy-plane in 
such a way that its position at time ¢ is 


r(t) = (t — sindi + C1 — cos Aj. 


T|a. Graph r(t). The resulting curve is a cycloid. 


b. Find the maximum and minimum values of |v| and |a]. 
(Hint: Find the extreme values of |v|? and |a|? first and take 
square roots later.) 


27. Let r be a differentiable vector function of t. Show that if 
r-(dr/dt) = 0 for all f, then |r| is constant. 


28. Derivatives of triple scalar products 


a. Show that if u, v, and w are differentiable vector functions of 
t, then 
d du dv dw 


—(u-vX w) =v Xwtu—xXwtuvx —. 
muy w) a ae a oar Ww ucv 


b. Show that 


d et i Pr\ _ re dr . ar 

dt dt dt2 dt dt? )° 
(Hint: Differentiate on the left and look for vectors whose prod- 
ucts are zero.) 


29. 
30. 
31. 


32. 


33. 


34. 


Prove the two Scalar Multiple Rules for vector functions. 

Prove the Sum and Difference Rules for vector functions. 
Component test for continuity at a point Show that the vector 
function r defined by r(t) = fi + g(Aj + hk is continuous 
at tf = & if and only if f, g, and / are continuous at f. 

Limits of cross products of vector functions Suppose that 
nO = fidit foOj + fk, mM = giOi+ gj + g3(—0k, 
lim,—,,ri(t) = A, and lim,—,,1(t) = B. Use the determinant for- 
mula for cross products and the Limit Product Rule for scalar 
functions to show that 


lim (r,(t) X r,(t)) = A X B. 


Differentiable vector functions are continuous Show that if 
r(t) = fii + gj + ACK is differentiable at t = 4, then it is 
continuous at fj as well. 

Constant Function Rule Prove that if u is the vector function 
with the constant value C, then du/dt = 0. 


COMPUTER EXPLORATIONS 
Use a CAS to perform the following steps in Exercises 35-38. 


a. 
b. 
c. 


Plot the space curve traced out by the position vector r. 
Find the components of the velocity vector dr / dt. 


Evaluate dr / dt at the given point f and determine the equation of 
the tangent line to the curve at r(*). 


. Plot the tangent line together with the curve over the given interval. 


35. 


36. 
37. 


38. 
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r(t) = (sint — tcos Ai + (cost + fsin fj + tk, 
O0<t67, fh = 30/2 
rj = V2tit+ ej + ek, -251=3, h=1 


r(f) = (sin20i + (In(1 + Dj t+ th, O<t< 4n, 
f = 7/4 


r(t) = (In(#? + 2))i + (tan! 3j + Ve? + 1k, 
—-3=57r=5, 4=3 


In Exercises 39 and 40, you will explore graphically the behavior of 
the helix 


r(t) = (cos at)i + (sin at)j + btk 


as you change the values of the constants a and b. Use a CAS to per- 
form the steps in each exercise. 


39. 


40. 


Set b = 1. Plot the helix r(4) together with the tangent line to the 
curve at tf = 37/2 for a = 1, 2, 4, and 6 over the interval 
0 = t = 4a. Describe in your own words what happens to the 
graph of the helix and the position of the tangent line as a 
increases through these positive values. 


Set a = 1. Plot the helix r() together with the tangent line to the 
curve at t = 37/2 for b = 1/4, 1/2, 2, and 4 over the interval 
0 = t = 4m. Describe in your own words what happens to the 
graph of the helix and the position of the tangent line as b 
increases through these positive values. 


1 oe 2 Integrals of Vector Functions; Projectile Motion 


In this section we investigate integrals of vector functions and their application to motion 
along a path in space or in the plane. 


Integrals of Vector Functions 


A differentiable vector function R(f) is an antiderivative of a vector function r(t) on an 
interval J if dR/dt = r at each point of /. If R is an antiderivative of r on J, it can be 
shown, working one component at a time, that every antiderivative of r on / has the form 
R + C for some constant vector C (Exercise 41). The set of all antiderivatives of r on J is 
the indefinite integral of r on /. 


DEFINITION The indefinite integral of r with respect to ¢ is the set of all anti- 
derivatives of r, denoted by re r(f) dt. If R is any antiderivative of r, then 


/ r(t) dt = R(t) + C. 


The usual arithmetic rules for indefinite integrals apply. 
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EXAMPLE 1 To integrate a vector function, we integrate each of its components. 
[os thi + j — 2tk)dt = ( [cos tar)i + (fai = (fara) (1) 
= (sint + C)i + (tf + C)j — (P + C)k (2) 


= (sindi + 4 — Pk + C C= Gi+ Gi- Gk 


As in the integration of scalar functions, we recommend that you skip the steps in Equa- 
tions (1) and (2) and go directly to the final form. Find an antiderivative for each compo- 
nent and add a constant vector at the end. a 


Definite integrals of vector functions are best defined in terms of components. The 
definition is consistent with how we compute limits and derivatives of vector functions. 


DEFINITION If the components of r(t) = f(Ai + g(j + AK are integrable 
over [ a, b], then so is r, and the definite integral of r from a to b is 


b b b b 
/ r(f) dt = ( : f a) ‘ ( / o(t) a) # ( i h(t) ar)k 
EXAMPLE 2 As in Example 1, we integrate each component. 


([sova}+(['ap-([4} 


= [0 -0]i+ [7 —0]j - [7 -— 0*]k 
= nj — 7k Oo 


i ((cos t)i + j — 2tk) dt 
0 


The Fundamental Theorem of Calculus for continuous vector functions says that 


b b 
/ r(f) dt = R0| = R(b) — R(a) 


a 


where R is any antiderivative of r, so that R’(t) = r(t) (Exercise 42). Notice that an anti- 
derivative of a vector function is also a vector function, whereas a definite integral of a 
vector function is a single constant vector. 


EXAMPLE 3 Suppose we do not know the path of a hang glider, but only its accel- 
eration vector a(t) = —(3cos f)i — (3sin Aj + 2k. We also know that initially (at time 
t = 0) the glider departed from the point (4, 0, 0) with velocity v(0) = 3j. Find the glider’s 
position as a function of f. 


Solution Our goal is to find r(t) knowing 
The differential equation: a= - = —(3 cos fi — (3 sin fj + 2k 
The initial conditions: v(O) = 3j. and r(O) = 4i + Oj + Ok. 
Integrating both sides of the differential equation with respect to f gives 
v(t) = —G sini + Gcos fj + 2tk + Cy. 
We use v(0) = 3j to find C,: 
3j = —G sin 0)i + (3 cos 0)j + (O)K + C, 
3j = 33 + C, 
C, = 0. 


>N 


FIGURE 13.9 The path of the hang 
glider in Example 3. Although the path 
spirals around the z-axis, it is not a helix. 


, a 
iY 


vol sin aj 


Horizontal range 


(b) 


FIGURE 13.10 (a) Position, velocity, 
acceleration, and launch angle at t = 0. 
(b) Position, velocity, and acceleration at a 
later time tf. 
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The glider’s velocity as a function of time is 


a = y(f) = —(3sin Di + (cos Dj + 2rk. 


Integrating both sides of this last differential equation gives 
r(f) = (3cos fi + Bsindj + Pk + C,. 


We then use the initial condition r(0) = 4i to find C,: 


4i = (3 cos 0)i + (3 sin 0)j + (0?)k + C, 
4i = 31 + (0)j + Ok + C, 
C, =i. 


The glider’s position as a function of ¢ is 
r(f) = (1 + 3cos fi + (Bsin Aj + ’k. 


This is the path of the glider shown in Figure 13.9. Although the path resembles that of a 
helix due to its spiraling nature around the z-axis, it is not a helix because of the way it is 
rising. (We say more about this in Section 13.5.) Oo 


The Vector and Parametric Equations for Ideal Projectile Motion 


A classic example of integrating vector functions is the derivation of the equations for the 
motion of a projectile. In physics, projectile motion describes how an object fired at some 
angle from an initial position, and acted upon by only the force of gravity, moves in a ver- 
tical coordinate plane. In the classic example, we ignore the effects of any frictional drag 
on the object, which may vary with its speed and altitude, and also the fact that the force of 
gravity changes slightly with the projectile’s changing height. In addition, we ignore the 
long-distance effects of Earth turning beneath the projectile, such as in a rocket launch or 
the firing of a projectile from a cannon. Ignoring these effects gives us a reasonable 
approximation of the motion in most cases. 

To derive equations for projectile motion, we assume that the projectile behaves like a 
particle moving in a vertical coordinate plane and that the only force acting on the projectile 
during its flight is the constant force of gravity, which always points straight down. We 
assume that the projectile is launched from the origin at time t = 0 into the first quadrant 
with an initial velocity vg (Figure 13.10). If v) makes an angle @ with the horizontal, then 


Vo = (|vo| cos a)i + (|vo| sin a)j. 


If we use the simpler notation vo for the initial speed | vo|, then 
Vo = (vp cos @)i + (vg sin a)j. (3) 
The projectile’s initial position is 
Y = Oi + Oj = 0. (4) 


Newton’s second law of motion says that the force acting on the projectile is equal to 
the projectile’s mass m times its acceleration, or m(d’r/dt’) if r is the projectile’s position 
vector and f is time. If the force is solely the gravitational force —mgj, then 


ee q Pei, 
mp = —mgj an me gj, 
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where g is the acceleration due to gravity. We find r as a function of ¢ by solving the fol- 
lowing initial value problem. 


Differential equation: — = -gj 


Initial conditions: r=1f and > = Wo when t = 0 
The first integration gives 


das, 
a (gt)j + Vo. 


A second integration gives 


r= — Set + vot + 1p. 


Substituting the values of vg and rp from Equations (3) and (4) gives 


— — 59 + (ug cos a)ti + (vp sin a)tj + 0. 
SS 
Vot 


Collecting terms, we have 


Ideal Projectile Motion Equation 


r = (vo cos a)ti + ( sin a)t — Ler) (5) 


Equation (5) is the vector equation of the path for ideal projectile motion. The angle a 
is the projectile’s launch angle (firing angle, angle of elevation), and vo, as we said 
before, is the projectile’s initial speed. The components of r give the parametric equations 


xX = (up cos a)t and =e y = (up sin a)t — Set (6) 
where x is the distance downrange and y is the height of the projectile at time t = 0. 
EXAMPLE 4 A projectile is fired from the origin over horizontal ground at an initial 
speed of 500 m/sec and a launch angle of 60°. Where will the projectile be 10 sec later? 


Solution We use Equation (5) with vy = 500, a = 60°, g = 9.8, and t = 10 to find the 
projectile’s components 10 sec after firing. 


r = (vp cos a)ti + (ow sin a)t — her )j 


= c500)(4) aos rs (.s00(%)r0 o (£)ce8a00) 


= 25001 + 3840j 


Ten seconds after firing, the projectile is about 3840 m above ground and 2500 m down- 
range from the origin. a 


0 


>X 


FIGURE 13.11 The path of a projectile 


fired from (x, yo) with an initial veloc- 
ity Vp at an angle of a degrees with the 
horizontal. 
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Ideal projectiles move along parabolas, as we now deduce from Equations (6). If we 
substitute t = x/(vp cos a) from the first equation into the second, we obtain the Cartesian 
coordinate equation 


y= -(at a) + (tan a@)x. 
a 


2u9 cos 


This equation has the form y = ax* + bx, so its graph is a parabola. 

A projectile reaches its highest point when its vertical velocity component is zero. 
When fired over horizontal ground, the projectile lands when its vertical component 
equals zero in Equation (5), and the range R is the distance from the origin to the point of 
impact. We summarize the results here, which you are asked to verify in Exercise 27. 


Height, Flight Time, and Range for Ideal Projectile Motion 


For ideal projectile motion when an object is launched from the origin over a 
horizontal surface with initial speed vp and launch angle a: 


(vpsin a)” 
Maximum height: Ymax = 5, 
28 
2u9 Sin @ 
Flight time: ~ ge 
Uo? : 
Range: R= 7 sin 2a. 


If we fire our ideal projectile from the point (xo, yo) instead of the origin (Figure 13.11), 
the position vector for the path of motion is 


r = (% + (vo cos a)t)i + (>. + (uo sin a)t — Lee (7) 


as you are asked to show in Exercise 29. 


Projectile Motion with Wind Gusts 


The next example shows how to account for another force acting on a projectile, due to a 
gust of wind. We also assume that the path of the baseball in Example 5 lies in a vertical 
plane. 


EXAMPLE 5 A baseball is hit when it is 3 ft above the ground. It leaves the bat with 
initial speed of 152 ft/sec, making an angle of 20° with the horizontal. At the instant the 
ball is hit, an instantaneous gust of wind blows in the horizontal direction directly opposite 
the direction the ball is taking toward the outfield, adding a component of —8.8i (ft/sec) 
to the ball’s initial velocity (8.8 ft/sec = 6 mph). 

(a) Find a vector equation (position vector) for the path of the baseball. 

(b) How high does the baseball go, and when does it reach maximum height? 

(c) Assuming that the ball is not caught, find its range and flight time. 
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Solution 


(a) 


(b 


wm 


(c) 


Using Equation (3) and accounting for the gust of wind, the initial velocity of the 
baseball is 


Vo = (vp cos a)i + (vp sin @)j — 8.81 
= (152 cos 20°)i + (152 sin 20°)j — (8.8)i 
= (152 cos 20° — 8.8)i + (152 sin 20°)j. 
The initial position is ry = Oi + 3]. Integration of d*r/dt? = —gj gives 
a = —(gt)j + Yo. 
A second integration gives 


r= — 590 + vot + 1. 


Substituting the values of vp and rg into the last equation gives the position vector of 
the baseball. 


r= Seti + vot + 1 


= —16j + (152 cos 20° — 8.8)ri + (152 sin 20°)tj + 3] 
(152 cos 20° — 8.8)ri + (3 + (152 sin 20°)t — 167”)j. 


The baseball reaches its highest point when the vertical component of velocity is 
zero, OF 

dy ; 

— = 152 sin 20° — 32t = 0. 

dt 
Solving for t we find 


, — 152 sin 20° 


32 = 1.62 sec. 


Substituting this time into the vertical component for r gives the maximum height 
Ymax = 3 + (152 sin 20°)(1.62) — 16(1.62)? 
=~ 45.2 ft. 


That is, the maximum height of the baseball is about 45.2 ft, reached about 1.6 sec 
after leaving the bat. 


To find when the baseball lands, we set the vertical component for r equal to 0 and 
solve for ft: 
3 + (152 sin 20°)t — 162? = 0 
3 + (51.99)t — 161° = 0. 


The solution values are about f = 3.3 sec and t = —0.06 sec. Substituting the posi- 
tive time into the horizontal component for r, we find the range 


R = (152 cos 20° — 8.8)(3.3) 
= 44) ft. 
Thus, the horizontal range is about 442 ft, and the flight time is about 3.3 sec. a 


In Exercises 37 and 38, we consider projectile motion when there is air resistance 


slowing down the flight. 


Exercises 


Integrating Vector-Valued Functions 
Evaluate the integrals in Exercises 1-10. 


1 
1. f [hie HOF DR) a 
0 


[ [o 6+ 3Vi5 4 (4)x| dt 


7/4 
3. / [(sin i + (1 + cos Aj + (sec*k] dt 


i) 


a/3 
4. | [ (sec ¢tan fi + (tan fj + (2 sintcos Hk] dt 


nie i. 2-'D 
sf tit sti bil a 


6 | S44 V3 a 
olLVl-# 1+t 


7. / [te?it+ etj +k] dt 


in3 

s. | [tei + e'j + Intk] dt 
m/2 

| [cos ti — sin 2rj + sin? tk] dt 
7/4 

10. | [sec ri + tan?t¢j — tsintk] dt 
0 


Initial Value Problems 
Solve the initial value problems in Exercises 11—16 for r as a vector 
function of t. 


11. Differential equation: s =-fti- tj — tk 
Initial condition: r(0) =i+ 2j + 3k 
12. Differential equation: - = (1802)i + (1801 — 1677)j 
Initial condition: r(O) = 100j 
‘ . . : dr 3 1 1/23 1 ,-t 1 1 
13. Differential equation: a 5 (t +t l)/*it+ ej as iK 
Initial condition: r(0) =k 
14, Differential equation: a (3 + 4t)i + tj + 2°?k 
Initial condition: r(0) =i+ j 
‘ f ar 
15. Differential equation: We = —32k 
Initial conditions: r(0) = 100k and 
dr =: . 
dt | = 81+ 8j 
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2 
16. Differential equation: “ =-(i+jt+k 
Initial conditions: r(O) = 10i + 10j + 10k and 
dt) og 
dt t=0 


Motion Along a Straight Line 

17. At time t = 0, a particle is located at the point (1, 2, 3). It travels 
in a straight line to the point (4, 1, 4), has speed 2 at (1, 2, 3) and 
constant acceleration 3i — j + k. Find an equation for the posi- 
tion vector r(f) of the particle at time t. 


18. A particle traveling in a straight line is located at the point 
(1,—1, 2) and has speed 2 at time t = 0. The particle moves 
toward the point (3, 0, 3) with constant acceleration 2i + j + k. 
Find its position vector r(f) at time t. 


Projectile Motion 

Projectile flights in the following exercises are to be treated as ideal 
unless stated otherwise. All launch angles are assumed to be measured 
from the horizontal. All projectiles are assumed to be launched from 
the origin over a horizontal surface unless stated otherwise. 


19. Travel time A projectile is fired at a speed of 840 m/sec at an 
angle of 60°. How long will it take to get 21 km downrange? 


20. Range and height versus speed 


a. Show that doubling a projectile’s initial speed at a given 
launch angle multiplies its range by 4. 


b. By about what percentage should you increase the initial 
speed to double the height and range? 
21. Flight time and height A projectile is fired with an initial 
speed of 500 m/sec at an angle of elevation of 45°. 


a. When and how far away will the projectile strike? 


b. How high overhead will the projectile be when it is 5 km 
downrange? 


c. What is the greatest height reached by the projectile? 


22. Throwing a baseball A baseball is thrown from the stands 32 ft 
above the field at an angle of 30° up from the horizontal. When 
and how far away will the ball strike the ground if its initial speed 
is 32 ft/sec? 

23. Firing golf balls A spring gun at ground level fires a golf ball 
at an angle of 45°. The ball lands 10 m away. 

a. What was the ball’s initial speed? 


b. For the same initial speed, find the two firing angles that 
make the range 6 m. 


24. Beaming electrons An electron in a TV tube is beamed hori- 
zontally at a speed of 5 X 10° m/sec toward the face of the tube 
40 cm away. About how far will the electron drop before it hits? 


25. Equal-range firing angles What two angles of elevation will 
enable a projectile to reach a target 16 km downrange on the same 
level as the gun if the projectile’s initial speed is 400 m/sec? 


26. Finding muzzle speed Find the muzzle speed of a gun whose 
maximum range is 24.5 km. 
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27. 


28. 


29. 


30. 


Verify the results given in the text (following Example 4) for the 
maximum height, flight time, and range for ideal projectile 
motion. 


Colliding marbles The accompanying figure shows an experi- 
ment with two marbles. Marble A was launched toward marble B 
with launch angle a@ and initial speed vp. At the same instant, 
marble B was released to fall from rest at R tan a@ units directly 
above a spot R units downrange from A. The marbles were found 
to collide regardless of the value of up. Was this mere coinci- 
dence, or must this happen? Give reasons for your answer. 


B 
_® 
one 
2 
a 
“-" wil, 
ate Pi 58! 
ak a Rtana 
ae x 
Via? 2 . 
A a 
IK R >| 


Firing from (Xo, yo) Derive the equations 


X =X + (vo cos a)t, 
0 0 


y = yo + (up sin a)t — Fe? 


(see Equation (7) in the text) by solving the following initial 
value problem for a vector r in the plane. 


dr 


de 
r(O) = Xi + yoj 


Differential equation: — gj 


Initial conditions: 
ue (0) = (ug cos a)i + (vp sin a)j 


Where trajectories crest For a projectile fired from the ground 
at launch angle a with initial speed vp, consider a as a variable 
and vy as a fixed constant. For each a, 0 < a < 7/2, we obtain 
a parabolic trajectory as shown in the accompanying figure. Show 
that the points in the plane that give the maximum heights of 
these parabolic trajectories all lie on the ellipse 


Uy2\2 Uy * 
x4 (y -) = “. 
4g 4g 


where x = 0. 


>< 


Ellipse 


G R, nas] 
Parabolic 


ye trajectory 
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31. 


32. 


33. 


34. 


35. 


Launching downhill An ideal projectile is launched straight 
down an inclined plane as shown in the accompanying figure. 


a. Show that the greatest downhill range is achieved when the 
initial velocity vector bisects angle AOR. 


b. If the projectile were fired uphill instead of down, what 
launch angle would maximize its range? Give reasons for 
your answer. 


> 


Vertical 


je) 


Elevated green A golf ball is hit with an initial speed of 
116 ft/sec at an angle of elevation of 45° from the tee to a green 
that is elevated 45 ft above the tee as shown in the diagram. 
Assuming that the pin, 369 ft downrange, does not get in the way, 
where will the ball land in relation to the pin? 


ae Pin 
a ‘i 7 
ee Green ! i 
7 | 
gf | 
‘J | 45 ft 
116 ft/sec 
45° | 
Tee 
I< >| 
369 ft 
NOT TO SCALE 
Volleyball A volleyball is hit when it is 4 ft above the ground 


and 12 ft from a 6-ft-high net. It leaves the point of impact with 
an initial velocity of 35 ft/sec at an angle of 27° and slips by the 
opposing team untouched. 


a. Find a vector equation for the path of the volleyball. 


b. How high does the volleyball go, and when does it reach 
maximum height? 


c. Find its range and flight time. 


d. When is the volleyball 7 ft above the ground? How far 
(ground distance) is the volleyball from where it will land? 


e. Suppose that the net is raised to 8 ft. Does this change things? 
Explain. 


Shot put In Moscow in 1987, Natalya Lisouskaya set a women’s 
world record by putting an 8 lb 13 oz shot 73 ft 10 in. Assuming 
that she launched the shot at a 40° angle to the horizontal from 
6.5 ft above the ground, what was the shot’s initial speed? 


Model train The accompanying multiflash photograph shows a 
model train engine moving at a constant speed on a straight hori- 
zontal track. As the engine moved along, a marble was fired into 
the air by a spring in the engine’s smokestack. The marble, which 


36. 


continued to move with the same forward speed as the engine, 
rejoined the engine 1 sec after it was fired. Measure the angle the 
marble’s path made with the horizontal and use the information to 
find how high the marble went and how fast the engine was moving. 


Source: PSSC Physics, 2nd ed., Reprinted by permission of 
Educational Development Center, Inc. 


Hitting a baseball under a wind gust A baseball is hit when it 
is 2.5 ft above the ground. It leaves the bat with an initial velocity 
of 145 ft/sec at a launch angle of 23°. At the instant the ball is 
hit, an instantaneous gust of wind blows against the ball, adding a 
component of — 14i (ft/sec) to the ball’s initial velocity. A 15-ft- 
high fence lies 300 ft from home plate in the direction of the 
flight. 

a. Find a vector equation for the path of the baseball. 


b. How high does the baseball go, and when does it reach max- 
imum height? 

c. Find the range and flight time of the baseball, assuming that 
the ball is not caught. 


d. When is the baseball 20 ft high? How far (ground distance) is 
the baseball from home plate at that height? 


e. Has the batter hit a home run? Explain. 


Projectile Motion with Linear Drag 

The main force affecting the motion of a projectile, other than gravity, 
is air resistance. This slowing down force is drag force, and it acts in 
a direction opposite to the velocity of the projectile (see accompany- 
ing figure). For projectiles moving through the air at relatively low 
speeds, however, the drag force is (very nearly) proportional to the 
speed (to the first power) and so is called linear. 


Velocity 


>X 


37. Linear drag Derive the equations 


Uo 


x= (1—e™) cosa 
= ly tty: Sr _ ay okt 
y k (l-e \sina) + 5 (1 kt — e*) 


38. 
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by solving the following initial value problem for a vector r in the 
plane. 


. ; . dr, es dr 
Differential equation: We gj — kv gj —k a 
Initial conditions: r(0) = 0 

a = Vo = (up cos a)i + (vp sin aj 
dt], 


The drag coefficient k is a positive constant representing 
resistance due to air density, vg and a are the projectile’s initial 
speed and launch angle, and g is the acceleration of gravity. 


Hitting a baseball with linear drag Consider the baseball 

problem in Example 5 when there is linear drag (see Exercise 37). 

Assume a drag coefficient k = 0.12, but no gust of wind. 

a. From Exercise 37, find a vector form for the path of the base- 
ball. 

b. How high does the baseball go, and when does it reach maxi- 
mum height? 


c. Find the range and flight time of the baseball. 


d. When is the baseball 30 ft high? How far (ground distance) is 
the baseball from home plate at that height? 


e. A 10-ft-high outfield fence is 340 ft from home plate in the 
direction of the flight of the baseball. The outfielder can jump 
and catch any ball up to 11 ft off the ground to stop it from 
going over the fence. Has the batter hit a home run? 


Theory and Examples 


39. 


Establish the following properties of integrable vector functions. 


a. The Constant Scalar Multiple Rule: 


b b 
/ kr(t) dt =k : r(t) dt (any scalar k) 


a a 


The Rule for Negatives, 


b 


b 
(-r(t)) dt = — r(t) dt, 


a da 


is obtained by taking k = —1. 
b. The Sum and Difference Rules: 
b 


b b 
(r,(f) + (A) dt = i rj(t) dt + / r,(t) dt 


a da a 


c. The Constant Vector Multiple Rules: 


b b 
: C-r(j dt = C: - r(t) dt (any constant vector C) 
and 


b b 
i C X r(t) dt = C X / r(t) dt (any constant vector C) 


a a 
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41. 


42. 
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Suppose that the sca- 

lar function u(t) and the vector function r(t) are both defined for 

a=t=b. 

a. Show that ur is continuous on [ a, b] if u and r are continu- 
ous on [a,b]. 

b. If wand r are both differentiable on [a,b], show that ur is 
differentiable on [ a, b] and that 


d ve da , uu 
dt“ CH? ae 
Antiderivatives of vector functions 


a. Use Corollary 2 of the Mean Value Theorem for scalar func- 
tions to show that if two vector functions R,(t) and R,(t) 
have identical derivatives on an interval /, then the functions 
differ by a constant vector value throughout /. 


b. Use the result in part (a) to show that if R() is any antideriva- 
tive of r(¢) on J, then any other antiderivative of r on J equals 
R(t) + C for some constant vector C. 


The Fundamental Theorem of Calculus The Fundamental 
Theorem of Calculus for scalar functions of a real variable holds 
for vector functions of a real variable as well. Prove this by using 
the theorem for scalar functions to show first that if a vector func- 
tion r(f) is continuous for a S$ t S b, then 


a r(t) dr = r(t) 
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43. 


44. 


at every point t of (a, b). Then use the conclusion in part (b) of 
Exercise 41 to show that if R is any antiderivative of r on [ a, b] 
then 


b 
: r(t) dt = R(b) — R(a). 
a 

Hitting a baseball with linear drag under a wind gust Con- 
sider again the baseball problem in Example 5. This time assume 
a drag coefficient of 0.08 and an instantaneous gust of wind that 
adds a component of —17.6i (ft/sec) to the initial velocity at the 
instant the baseball is hit. 


a. Find a vector equation for the path of the baseball. 


b. How high does the baseball go, and when does it reach maxi- 
mum height? 


c. Find the range and flight time of the baseball. 


d. When is the baseball 35 ft high? How far (ground distance) is 
the baseball from home plate at that height? 


e. A 20-ft-high outfield fence is 380 ft from home plate in the 
direction of the flight of the baseball. Has the batter hit a home 
run? If “yes,” what change in the horizontal component of the 
ball’s initial velocity would have kept the ball in the park? If 
“no,” what change would have allowed it to be a home run? 


Height versus time Show that a projectile attains three- 
quarters of its maximum height in half the time it takes to reach 
the maximum height. 


Base point 
— 4 
% 
aw 0 Y 
y : ‘ 


FIGURE 13.12 Smooth curves can be 
scaled like number lines, the coordinate of 
each point being its directed distance along 
the curve from a preselected base point. 


In this and the next two sections, we study the mathematical features of a curve’s shape 
that describe the sharpness of its turning and its twisting. 


Arc Length Along a Space Curve 


One of the features of smooth space and plane curves is that they have a measurable 
length. This enables us to locate points along these curves by giving their directed distance 
s along the curve from some base point, the way we locate points on coordinate axes by 
giving their directed distance from the origin (Figure 13.12). This is what we did for plane 
curves in Section 13.2. 

To measure distance along a smooth curve in space, we add a z-term to the formula 
we use for curves in the plane. 


DEFINITION The length of a smooth curve r(f) = x(‘)i + yj + zk, 
a = t = b, that is traced exactly once as f increases from t = a to t = b, is 


b 2 2 2 
_ dx dy dz 
Be i (2) + (2) + (£) re 4) 


Just as for plane curves, we can calculate the length of a curve in space from any con- 
venient parametrization that meets the stated conditions. We omit the proof. 

The square root in Equation (1) is |v|, the length of a velocity vector dr /dt. This 
enables us to write the formula for length a shorter way. 


FIGURE 13.13 The helix in Example 1, 
r(t) = (cos fi + (sinaj + tk. 


>N 


r P(t) 
0 
Base 
point 
~ S(t) oy 
P(to) 


x 


FIGURE 13.14 The directed distance 
along the curve from P(f) to any point 


P(t) is 
S(t) -{ | v(z) | dt. 


13.3 Arc Length in Space 769 


Arc Length Formula 


b 
=f iia (2) 


EXAMPLE 1 A glider is soaring upward along the helix r(f) = (cos Ai + (sin Aj + ck. 
How long is the glider’s path from t = 0 to t = 277? 


Solution The path segment during this time corresponds to one full turn of the helix 
(Figure 13.13). The length of this portion of the curve is 


b 2a 
L= i |v| dt = V(-sin #1? + (cos #2 + (1) dt 
a 0 


2a 
= 7 V2dt = 2nV2 units of length. 
0 


This is V2 times the circumference of the circle in the xy-plane over which the helix 
stands. a 


If we choose a base point P(f) on a smooth curve C parametrized by f, each value of t 
determines a point P(t) = (x(d), y(d), z(f)) on C and a “directed distance” 


s(t) = / | v(r)| dr, 


measured along C from the base point (Figure 13.14). This is the arc length function we 
defined in Section 11.2 for plane curves that have no z-component. If t > f, s(t) is the 
distance along the curve from P(t) to P(t). If t < &, s(t) is the negative of the distance. 
Each value of s determines a point on C, and this parametrizes C with respect to s. We call 
s an arc length parameter for the curve. The parameter’s value increases in the direction 
of increasing t. We will see that the arc length parameter is particularly effective for inves- 
tigating the turning and twisting nature of a space curve. 


Arc Length Parameter with Base Point P(t) 


so = | VR@P+ [y'(r)]2 + (Fear = f |v ar (3) 


We use the Greek letter 7 (“‘tau’”’) as the variable of integration in Equation (3) because 
the letter ¢ is already in use as the upper limit. 

If a curve r(f) is already given in terms of some parameter ¢ and s(f) is the arc length 
function given by Equation (3), then we may be able to solve for ¢ as a function of s: t = 1(s). 
Then the curve can be reparametrized in terms of s by substituting for t: r = r(¢(s)). The 
new parametrization identifies a point on the curve with its directed distance along the curve 
from the base point. 


EXAMPLE 2 This is an example for which we can actually find the arc length param- 
etrization of a curve. If f = 0, the arc length parameter along the helix 


r(t) = (cos fi + (sin Aj + tk 
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FIGURE 13.15 We find the unit tangent 
vector T by dividing v by |v|. 


from f to fis 


s(t) = / | v(r)| dr Eq. (3) 


0 
t 
= i V2 dt Value from Example 1 
0 
=/2i 


Solving this equation for t gives t = s/ V2. Substituting into the position vector r gives 
the following arc length parametrization for the helix: 


r(t(s)) = (cos =) + (sin = 4: ak = 


Unlike Example 2, the arc length parametrization is generally difficult to find analyti- 
cally for a curve already given in terms of some other parameter f. Fortunately, however, 
we rarely need an exact formula for s(t) or its inverse f(s). 


Speed on a Smooth Curve 


Since the derivatives beneath the radical in Equation (3) are continuous (the curve is 
smooth), the Fundamental Theorem of Calculus tells us that s is a differentiable function 
of t with derivative 


& = |v]. (4) 


Equation (4) says that the speed with which a particle moves along its path is the magni- 
tude of v, consistent with what we know. 

Although the base point P(f)) plays a role in defining s in Equation (3), it plays no 
role in Equation (4). The rate at which a moving particle covers distance along its path is 
independent of how far away it is from the base point. 

Notice that ds/dt > 0 since, by definition, |v| is never zero for a smooth curve. We 
see once again that s is an increasing function of t. 


Unit Tangent Vector 
We already know the velocity vector v = dr/dt is tangent to the curve r(t) and that the 


vector 


T= 
Vv 


is therefore a unit vector tangent to the (smooth) curve, called the unit tangent vector 
(Figure 13.15). The unit tangent vector T is a differentiable function of t whenever v is a 
differentiable function of t. As we will see in Section 13.5, T is one of three unit vectors in 
a traveling reference frame that is used to describe the motion of objects traveling in three 
dimensions. 


EXAMPLE 3 Find the unit tangent vector of the curve 
r(f) = (1 + 3cosAi + GB sindj + ?k 


representing the path of the glider in Example 3, Section 13.2. 


FIGURE 13.16 Counterclockwise 
motion around the unit circle. 


Exercises 


Finding Tangent Vectors and Lengths 
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Solution In that example, we found 
dr ore ‘ 
i —(3 sin Ai + (3 cos Aj + 2k 
and 
lv] = V9 + 4”. 

Thus, 

v 3sint . 3cost . 2t 

T i+ k il 
|v| V9 + 40° Vo+ ap! V9 + 47 


For the counterclockwise motion 
r(t) = (cos f)i + (sin Dj 
around the unit circle, we see that 
v = (-sin fi + (cos Aj 


is already a unit vector, so T = v and T is orthogonal to r (Figure 13.16). 

The velocity vector is the change in the position vector r with respect to time f, but 
how does the position vector change with respect to arc length? More precisely, what is 
the derivative dr/ds? Since ds/dt > 0 for the curves we are considering, s is one-to-one 
and has an inverse that gives ft as a differentiable function of s (Section 3.8). The derivative 
of the inverse is 

dt 1 1 
ds ds/dt |v|° 


This makes r a differentiable function of s whose derivative can be calculated with the 
Chain Rule to be 
dr _ drdt 1 v 
ds dtds “|v| |v| 


T, (5) 


This equation says that dr /ds is the unit tangent vector in the direction of the velocity vec- 
tor v (Figure 13.15). 


10. Find the point on the curve 


In Exercises 1-8, find the curve’s unit tangent vector. Also, find the 
length of the indicated portion of the curve. 


1. r() = (2cosfi + Qsindj + V5tk, O<t<7 

. r(t) = (6sin 2Ai + (6cos 2Nj + Stk, OS tsa 

rf) = a+ (2/3)87?k, O=t <8 
~rgy=2+n-¢+Dji+tk, O=rs3 

r(t) = (cos*r)j + (sin’k, Ot S 7/2 

r(f) = 6Fi — 2Pj — 3Pk, 1=tr<2 

r() = (tcos Ai + (tsindj + (2V2/3)8"k, OStsa 
sin f)j, V2<t=2 


r(t) = (tsint + cos f)i + (ft cost 


ee NAAR wn 


Find the point on the curve 
r(f) = (Ssinai + (5 cos Aj + 12rk 


at a distance 267 units along the curve from the point (0, 5, 0) in 
the direction of increasing arc length. 


r(t) = (12 sini — (12 cos fj + Stk 
at a distance 1377 units along the curve from the point (0, — 12, 0) 


in the direction opposite to the direction of increasing arc length. 


Arc Length Parameter 
In Exercises 11-14, find the arc length parameter along the curve 
from the point where t = 0 by evaluating the integral 


s= | |v(r)| dr 
0 


from Equation (3). Then find the length of the indicated portion of the 
curve. 


11. r() = (4cospi + (44sindj + 3tk, OS tS 7/2 

12. r() = (cost + tsinfAi + (sint— tcosAj, w/2Sts7 
13. r(f) = (e’cos Hi + (e'sindj + &k, —-m4s=r=0 

14. r() = (1 + 201 + (1 + 3Nj + (6 — 6K, -1 <=1<0 
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Theory and Examples 
15. Arclength Find the length of the curve 


r() = (V2t)i + (V20)j + (1 - 2 )k 
from (0, 0, 1) to (V2, V2, 0). 

16. Length of helix The length 27 V2 of the turn of the helix in 
Example | is also the length of the diagonal of a square 277 units 
on a side. Show how to obtain this square by cutting away and 
flattening a portion of the cylinder around which the helix winds. 

17. Ellipse 
a. Show that the curve r(t) = (cos f)i + (sint)j + (1 — cos fk, 

0 = ¢t = 27, is an ellipse by showing that it is the intersec- 
tion of a right circular cylinder and a plane. Find equations 
for the cylinder and plane. 


b. Sketch the ellipse on the cylinder. Add to your sketch the unit 
tangent vectors at t = 0, 7/2, 7, and 37/2. 


c. Show that the acceleration vector always lies parallel to the 
plane (orthogonal to a vector normal to the plane). Thus, if 
you draw the acceleration as a vector attached to the ellipse, it 
will lie in the plane of the ellipse. Add the acceleration vec- 
tors for t = 0, 7/2, 7, and 37/2 to your sketch. 


d. Write an integral for the length of the ellipse. Do not try to 
evaluate the integral; it is nonelementary. 


T\e. Numerical integrator Estimate the length of the ellipse to 
two decimal places. 


18. Length is independent of parametrization To illustrate that 
the length of a smooth space curve does not depend on the param- 
etrization you use to compute it, calculate the length of one turn 
of the helix in Example | with the following parametrizations. 


a. r(f) = (cos 4i + (sin4nj + 4tk, OS tS 7/2 
b. r() = [cos (t/2) ji + [sin (t/2)]j + @/2k, OS tS 40 
c. r(t) = (cos fi — (sinaj — tk, 27=ts0 


1 3.4 Curvature and Normal Vectors of a Curve 


19. 


20. 


21. 


22. 


The involute of a circle If a string wound around a fixed circle 
is unwound while held taut in the plane of the circle, its end P 
traces an involute of the circle. In the accompanying figure, the 
circle in question is the circle x? + y? = 1 and the tracing point 
starts at (1, 0). The unwound portion of the string is tangent to the 
circle at Q, and f is the radian measure of the angle from the posi- 
tive x-axis to segment OQ. Derive the parametric equations 


x=cost+ftsint, y= sint—tcost, t>0 


of the point P(x, y) for the involute. 


Q String 


(Continuation of Exercise 19.) Find the unit tangent vector to the 
involute of the circle at the point P(x, y). 

Distance along a line Show that if u is a unit vector, then the 
arc length parameter along the line r(f) = Py + tu from the point 
Py(xXo, Yo: Zo) Where t = 0, is ¢ itself. 

Use Simpson’s Rule with n = 10 to approximate the length of 
arc of r(t) = ti + Pj + Pk from the origin to the point (2, 4, 8). 


In this section we study how a curve turns or bends. To gain perspective, we look first at 
curves in the coordinate plane. Then we consider curves in space. 


Curvature of a Plane Curve 


As a particle moves along a smooth curve in the plane, T = dr/ds turns as the curve 
bends. Since T is a unit vector, its length remains constant and only its direction changes 
as the particle moves along the curve. The rate at which T turns per unit of length along 
the curve is called the curvature (Figure 13.17). The traditional symbol for the curvature 
function is the Greek letter « (“kappa”). 


FIGURE 13.17 As P moves along the the curve is 
curve in the direction of increasing arc 
length, the unit tangent vector turns. The 
value of |dT/ds| at P is called the curva- 
ture of the curve at P. 


DEFINITION If T is the unit vector of a smooth curve, the curvature function of 


FIGURE 13.18 Along a straight line, T 


always points in the same direction. The 


curvature, 


dT/ds 


, is zero (Example 1). 
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If |d T/ ds| is large, T turns sharply as the particle passes through P, and the curvature at 
P is large. If |dT/ds| is close to zero, T turns more slowly and the curvature at P is smaller. 

If a smooth curve r(f) is already given in terms of some parameter ¢ other than the arc 
length parameter s, we can calculate the curvature as 


dT dT dt Chien 
| Oa ds = dt ds ain Rule 
= t/a 
|ds/dt| | at 
_ 1 \aT ds _ Iv| 
|v| dt |" dt 


Formula for Calculating Curvature 


If r(t) is a smooth curve, then the curvature is the scalar function 


1 


k= = 


iM 


where T = v/|v| is the unit tangent vector. 


dT 


dt |’ (1) 


Testing the definition, we see in Examples | and 2 below that the curvature is constant 
for straight lines and circles. 


EXAMPLE 1 A straight line is parametrized by r(f) = C + tv for constant vectors 
C and v. Thus, r’(¢) = v, and the unit tangent vector T = v/ |v| is a constant vector that 
always points in the same direction and has derivative 0 (Figure 13.18). It follows that, for 
any value of the parameter ¢, the curvature of the straight line is zero: 


I 
Iv| 


dT 
dt 


K= 


= + || =0. : 
lv| 
EXAMPLE 2 Here we find the curvature of a circle. We begin with the parametrization 


r(t) = (acos fi + (asin pj 
of a circle of radius a. Then, 


\ ao ae = —(asin f)i + (acos pj 
i Si > 0, 
Iv] = Veasin i? + (acos? = Va =|al=a. fr” 


From this we find 


T= Fy = —(sin f)i + (cos pj 
Vv 
dT _ | fe é 
a (cos fi — (sin Nj 
aL) _ foots + sit = 1. 
dt 


Hence, for any value of the parameter f, the curvature of the circle is 


td 
a ~ radius’ 


1 |dT| 1 
c= |G =5(1) = a 


Although the formula for calculating « in Equation (1) is also valid for space curves, in 
the next section we find a computational formula that is usually more convenient to apply. 
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FIGURE 13.19 The vector dT /ds, 
normal to the curve, always points in the 
direction in which T is turning. The unit 


normal vector N is the direction of dT /ds. 
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Among the vectors orthogonal to the unit tangent vector T is one of particular signifi- 
cance because it points in the direction in which the curve is turning. Since T has constant 
length (namely, 1), the derivative dT /ds is orthogonal to T (Equation 4, Section 13.1). 
Therefore, if we divide dT /ds by its length x, we obtain a unit vector N orthogonal to T 
(Figure 13.19). 


DEFINITION Ata point where k ~ 0, the principal unit normal vector for a 
smooth curve in the plane is 


The vector dT /ds points in the direction in which T turns as the curve bends. There- 
fore, if we face in the direction of increasing arc length, the vector dT /ds points toward the 
right if T turns clockwise and toward the left if T turns counterclockwise. In other words, the 
principal normal vector N will point toward the concave side of the curve (Figure 13.19). 

If a smooth curve r(f) is already given in terms of some parameter ¢ other than the arc 
length parameter s, we can use the Chain Rule to calculate N directly: 
dT/ds 
dT /ds| 
(dT /dt)(dt/ds) 
dT /dt||dt/ds| 
dT /dt 
dT /dt| 


dt_ 1 
ds ds/dt 


> Ocancels. 


This formula enables us to find N without having to find x and s first. 


Formula for Calculating N 
If r(¢) is a smooth curve, then the principal unit normal is 


dT/dt 


= |aT /at|’ “ 


where T = v/|v| is the unit tangent vector. 


EXAMPLE 3 Find T and N for the circular motion 
r(t) = (cos 2f)i + (sin 2p)j. 


Solution We first find T: 


v = —(2 sin 2f)i + (2 cos 2nj 


|v| = V4 sin?2t + 4 cos?2t = 2 


T= iW = —(sin 2Ai + (cos 2p)j. 
Vv 
From this we find 
aT _ _ (2 cos 2Hi — 2 sin 20j 
dt 
dT 


V4 cos?2t + 4 sin?2t = 2 


dt 


_ Circle of 
curvature 


Center of 


curvature 
Curve 


Radius of | 
curvature / 


FIGURE 13.20 The center of the 
osculating circle at P(x, y) lies toward the 
inner side of the curve. 
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and 
dT/dt 
~ |dT/adi| 
= —(cos 2f)i — (sin 2nj. 


Eq. (2) 


Notice that T- N = 0, verifying that N is orthogonal to T. Notice too, that for the circular 
motion here, N points from r(f) toward the circle’s center at the origin. Oo 


Circle of Curvature for Plane Curves 


The circle of curvature or osculating circle at a point P on a plane curve where k # 0 is 
the circle in the plane of the curve that 


1. is tangent to the curve at P (has the same tangent line the curve has) 
2. has the same curvature the curve has at P 


3. has center that lies toward the concave or inner side of the curve (as in Figure 13.20). 


The radius of curvature of the curve at P is the radius of the circle of curvature, 
which, according to Example 2, is 


: 1 
Radius of curvature = p = x. 


To find p, we find « and take the reciprocal. The center of curvature of the curve at P is 
the center of the circle of curvature. 


EXAMPLE 4 


Find and graph the osculating circle of the parabola y = x? at the origin. 


Solution We parametrize the parabola using the parameter ¢ = x (Section 11.1, 
Example 5): 


r(t) = tit Pj. 
First we find the curvature of the parabola at the origin, using Equation (1): 


_dr_, : 
vq", ir ey 


lv] = V+ 42 


so that 


T= =(1 4+ 4?) i + 201 + 4°) 15. 
From this we find 


— = —4t(1 + 4°)375 + [211 + 4)? - 8f(1 + 4°) 771). 


At the origin, f = 0, so the curvature is 


__1 lar 


= 
V1 


= (1I)V0? + 2? = 2. 


|Oi + 2j| 
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y Therefore, the radius of curvature is 1/«k = 1/2. At the origin we have t = 0 and T = i, so 
N = j. Thus the center of the circle is (0, 1/2). The equation of the osculating circle is, then, 


2 2 
cma) 


You can see from Figure 13.21 that the osculating circle is a better approximation to the 
parabola at the origin than is the tangent line approximation y = 0. Oo 


Osculating 


mae 


>X 


FIGURE 13.21 The osculating circle Curvature and Normal Vectors for Space Curves 


for the parabola y = x? at the origin If a smooth curve in space is specified by the position vector r(¢) as a function of some 
(Example 4). parameter ¢, and if s is the arc length parameter of the curve, then the unit tangent vector 
T is dr/ds = v/|v|. The curvature in space is then defined to be 


dT 
ds 


dT 
dt 


41 
Iv| 


(3) 


7 7 | 


just as for plane curves. The vector dT /ds is orthogonal to T, and we define the principal 
unit normal to be 


_1dT_ dT /dt 
“ds \dT/dt| 


(4) 


EXAMPLE 5 Find the curvature for the helix (Figure 13.22) 
r(t) = (acos f)i + (asin hj + btk, a,b = 0, e+bhF0. 
Solution We calculate T from the velocity vector v: 


v = —(asin f)i + (acos fj + bk 
|v| = Va? sin?t + a? cos’t + Bb? = Va? + BD? 


v 1 bo ake : 
T= = (a sin thi + (acos fj + bk]. 
Wl Vat ee 
Then using Equation (3), 
_ 1 |dT 
FIGURE 13.22 The helix em jv] dt 
r(t) = (acos fi + (asin dj + btk, I 1 
drawn with a and b positive and t = 0 7 Vet Pl|Vae + bP? Pecos esa | 
(Example 5). ee 
= @ 7 cA (cos fi — (sin t)j| 
= a 2 +4 : DE a 
P+e V (cos f) (sin f) P+e 


From this equation, we see that increasing b for a fixed a decreases the curvature. Decreas- 
ing a for a fixed b eventually decreases the curvature as well. 

If b = 0, the helix reduces to a circle of radius a and its curvature reduces to 1 /a, as 
it should. If a = 0, the helix becomes the z-axis, and its curvature reduces to 0, again as it 
should. a 
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EXAMPLE 6 Find N for the helix in Example 5 and describe how the vector is pointing. 
Solution We have 
dT 1 , ae, 
== aa [(acos fi + (asin pj | Example 5 
1 Va cos? Oe a 
= a cost + a’ sin tf = ——— 
Va + b’ Va + b* 
dT/dt 
= ——__. Eq. (4) 
dT /ai| = 
Va + b 1 
: (a cos t)i + (a sin tj 
a x le 4 Rb [ i] 
= —(cos f)i — (sin Aj. 
Thus, N is parallel to the xy-plane and always points toward the z-axis. a 


Exercises 


Plane Curves 
Find T, N, and « for the plane curves in Exercises 1-4. 


1. 


2. r(t) = (nsec fi + tj, 
35 
4 
5 


. Y(t) = (cost + tsin fi + (sint — tcos pj, 


r(t) = tit (ncosaj, —a7/2<t< w/2 
—m/2<t< 7/2 


r() = (2+ 3+ (5 - Bj 


t>0 


. A formula for the curvature of the graph of a function in the 


xy-plane 

a. The graph y = f(x) in the xy-plane automatically has the 
parametrization x = x, y = f(x), and the vector formula 
r(x) = xi + f(x)j. Use this formula to show that if f is a 
twice-differentiable function of x, then 


\f"@| 
[1 + cf'@o)?]3/7 


K(x) = 


b. Use the formula for « in part (a) to find the curvature of 
y = In(cos x), —7/2 < x < 2/2. Compare your answer 
with the answer in Exercise 1. 


c. Show that the curvature is zero at a point of inflection. 


. A formula for the curvature of a parametrized plane curve 


a. Show that the curvature of a smooth curve r(t) = f(f)i + 
g(t)j defined by twice-differentiable functions x = f(t) and 
y = g(t) is given by the formula 


Liv — 5 
KS 2 aaa 
(x2 a ys? 
The dots in the formula denote differentiation with respect to 1, 


one derivative for each dot. Apply the formula to find the curva- 
tures of the following curves. 


b. r(t) = ti + (Un sin dj, 
c. r(t) = [tan 7! (sinh f) ji + (In cosh dj 


O0O<t<7 


7. 


8. 


Normals to plane curves 

a. Show that n(f) = —g'(Hi + f'(Hj and —n(t) = g' (Hi — 
f'(Hj are both normal to the curve r(t) = f(Ai + g(fj at the 
point (f (2), g()). 

To obtain N for a particular plane curve, we can choose the one of 

n or —n from part (a) that points toward the concave side of the 

curve, and make it into a unit vector. (See Figure 13.19.) Apply 

this method to find N for the following curves. 

b. r(t) = tit e74j 

ce r(t) = V4— Pic tj, 


(Continuation of Exercise 7.) 


2 Spe 2 


a. Use the method of Exercise 7 to find N for the curve r(t) = 
ti + (1/3) j when t < 0; when t > 0. 

b. Calculate N for ¢ ¥ 0 directly from T using Equation (4) for 
the curve in part (a). Does N exist at t = 0? Graph the curve 
and explain what is happening to N as ¢ passes from negative 
to positive values. 


Space Curves 
Find T, N, and « for the space curves in Exercises 9-16. 


9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 


r(t) = Bsindi + (3cos Aj + 4tk 

r(t) = (cost + rsin fi + (sint — tcos fj + 3k 
r(t) = (e' cos fi + (e’ sindj + 2k 

r(t) = (6 sin 2f)i + (6 cos 27)j + Stk 


r(t) = (7/3)i + (77/2)j, t> 0 
r(t) = (cos*t)i + (siner)j, O< t < 1/2 
r(t) = ti + (acosh(t/a))j, a> 0 


r(t) = (cosha)i — (sinhr)j + tk 


More on Curvature 


17. 


Show that the parabola y = ax”, a # 0, has its largest curvature 
at its vertex and has no minimum curvature. (Note: Since the cur- 
vature of a curve remains the same if the curve is translated or 
rotated, this result is true for any parabola.) 
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18. Show that the ellipse x = acost,y = bsint,a > b > 0, has its 
largest curvature on its major axis and its smallest curvature on its 
minor axis. (As in Exercise 17, the same is true for any ellipse.) 


19. Maximizing the curvature of a helix In Example 5, we found 
the curvature of the helix r(t) = (acos fi + (asinnj + btk 
(a, b = 0) to be x = a/(a? + b*). What is the largest value « 
can have for a given value of b? Give reasons for your answer. 

20. Total curvature We find the total curvature of the portion of 
a smooth curve that runs from s = 59 to s = s, > So by integrat- 
ing « from 5p to s,. If the curve has some other parameter, say f, 
then the total curvature is 


where f and f; correspond to sg and s,. Find the total curvatures of 

a. The portion of the helix r(t) = (cos Ai + (3 sin Aj + fk, 
Osts 4n. 

b. The parabola y = x?,—00 < x < oo, 

21. Find an equation for the circle of curvature of the curve 
r(f) = ti + (sinfj at the point (7/2, 1). (The curve parame- 
trizes the graph of y = sin x in the xy-plane.) 

22. Find an equation for the circle of curvature of the curve r(f) = 
(2Inpi — [t+ (1/h]j,e* Ste’, at the point (0,—2), 
where ¢ = 1. 


The formula 


|f"(x)| 
[1 + f'@)?]3/’ 


K(x) = 


derived in Exercise 5, expresses the curvature k(x) of a twice-differen- 

tiable plane curve y = f(x) as a function of x. Find the curvature func- 

tion of each of the curves in Exercises 23-26. Then graph f(x) together 

with x(x) over the given interval. You will find some surprises. 

23, y=x", -25x52 24. y=x4/4, -25 x52 

25. y=sinx, OF x=27 2yH=e, -le=x=2 

27. Osculating circle Show that the center of the osculating circle 
for the parabola y = x* at the point (a,a’) is located at 


(—s0 3a + i). 


28. Osculating circle Find a parametrization of the osculating cir- 
cle for the parabola y = x* when x = 1. 


COMPUTER EXPLORATIONS 

In Exercises 29-36 you will use a CAS to explore the osculating circle 
at a point P on a plane curve where x # 0. Use a CAS to perform the 
following steps: 


a. Plot the plane curve given in parametric or function form over 
the specified interval to see what it looks like. 


b. Calculate the curvature « of the curve at the given value f using 
the appropriate formula from Exercise 5 or 6. Use the parametriza- 
tion x = t and y = f(f) if the curve is given as a function 
y= fQ). 

c. Find the unit normal vector N at f. Notice that the signs of the 
components of N depend on whether the unit tangent vector T is 
turning clockwise or counterclockwise at t = fy. (See Exercise 7.) 


d. If C = ai + bj is the vector from the origin to the center (a, b) 
of the osculating circle, find the center C from the vector equa- 
tion 


_ all = 
C = r(f) + - (im) Nw: 


The point P(x, yo) on the curve is given by the position vector 
T(t). 

e. Plot implicitly the equation (x — a)? + (y — b)? = 1/x? of the 
osculating circle. Then plot the curve and osculating circle 
together. You may need to experiment with the size of the view- 
ing window, but be sure the axes are equally scaled. 


29. r(t) = 3coshi+ (sindj, OS tS 27, h= 7/4 
30. r(t) = (cos*4)i + (sin?s)j, OS tS 20, | = 7/4 
31. r() = Pi + (PF - 3t)j, -4 5154, m = 3/5 
3t 
32. r(t) = (8 - 2 - ni j —2=1t<=5, h=1 
Vi+ 2" 
33. r(f) = (2t — sindi+ (2 —- 2cosfhj, Ot S$ 37, 


ly — 32/2 
34. r(t) = (e*cost)it+ (e*sint)j, 0<t S 6a, 
35. yH=x*— x, 25x55, m=1 


36. y= x1 — x5, -lS<x<2, m4 =1/2 


fb = 7/4 


1 3.5 Tangential and Normal Components of Acceleration 


If you are traveling along a space curve, the Cartesian i, j, and k coordinate system for 
representing the vectors describing your motion is not truly relevant to you. What is mean- 
ingful instead are the vectors representative of your forward direction (the unit tangent 
vector T), the direction in which your path is turning (the unit normal vector N), and the 
tendency of your motion to “twist” out of the plane created by these vectors in the direc- 
tion perpendicular to this plane (defined by the unit binormal vector B = T X N). 
Expressing the acceleration vector along the curve as a linear combination of this TNB 
frame of mutually orthogonal unit vectors traveling with the motion (Figure 13.23) is par- 
ticularly revealing of the nature of the path and motion along it. 


FIGURE 13.23 The TNB frame of 
mutually orthogonal unit vectors traveling 


along a curve in space. 


FIGURE 13.24 The vectors T, N, and B 
(in that order) make a right-handed frame 
of mutually orthogonal unit vectors in 


space. 


FIGURE 13.25 The tangential and 
normal components of acceleration. The 
acceleration a always lies in the plane of T 
and N, orthogonal to B. 
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The TNB Frame 


The binormal vector of a curve in space is B = T X N, a unit vector orthogonal to both T 
and N (Figure 13.24). Together T, N, and B define a moving right-handed vector frame that 
plays a significant role in calculating the paths of particles moving through space. It is called 
the Frenet (‘‘fre-nay’”) frame (after Jean-Frédéric Frenet, 1816-1900), or the TNB frame. 


Tangential and Normal Components of Acceleration 


When an object is accelerated by gravity, brakes, or a combination of rocket motors, we 
usually want to know how much of the acceleration acts in the direction of motion, in the 
tangential direction T. We can calculate this using the Chain Rule to rewrite v as 

dr _ drds ds 


dt dsdt se 


v= 


Then we differentiate both ends of this string of equalities to get 


dv _ d[{,.ds ds ds dT 
~ dt 4 (rd) ape e 


dt? dt dt 
2 2 
_ Psp 5 (ads) cee (wnt) — 


dt” dt \ ds dt dt? dt dt ds 
d’s ds\? 
de + (4) y 


DEFINITION If the acceleration vector is written as 
a= ayT + ayN, (1) 
then 


ds _d ds\” 
ay = = AM and = dy = (4) = k|v|? (2) 


are the tangential and normal scalar components of acceleration. 


Notice that the binormal vector B does not appear in Equation (1). No matter how the path 
of the moving object we are watching may appear to twist and turn in space, the accelera- 
tion a always lies in the plane of T and N orthogonal to B. The equation also tells us 
exactly how much of the acceleration takes place tangent to the motion (d7s/d1*) and how 
much takes place normal to the motion [ «(ds/df)?] (Figure 13.25). 

What information can we discover from Equations (2)? By definition, acceleration a 
is the rate of change of velocity v, and in general, both the length and direction of v change 
as an object moves along its path. The tangential component of acceleration a; measures 
the rate of change of the /ength of v (that is, the change in the speed). The normal compo- 
nent of acceleration ay measures the rate of change of the direction of v. 

Notice that the normal scalar component of the acceleration is the curvature times the 
square of the speed. This explains why you have to hold on when your car makes a sharp 
(large «), high-speed (large |v| ) turn. If you double the speed of your car, you will experi- 
ence four times the normal component of acceleration for the same curvature. 

If an object moves in a circle at a constant speed, d’s/dt? is zero and all the accelera- 
tion points along N toward the circle’s center. If the object is speeding up or slowing 
down, a has a nonzero tangential component (Figure 13.26). 

To calculate ay, we usually use the formula ay = V al? — ay”, which comes from 
solving the equation |a|? = ava = ay? + ay? for ay. With this formula, we can find ay 
without having to calculate « first. 
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Bhi 


K|v|°-N = re 


N 


FIGURE 13.26 The tangential and 
normal components of the acceleration of 
an object that is speeding up as it moves 
counterclockwise around a circle of 


radius p. 


FIGURE 13.27 The tangential and 
normal components of the acceleration 
of the motion r(t) = (cost + fsin fi + 
(sin t — tcos f)j, for t > 0. Ifa string 
wound around a fixed circle is unwound 
while held taut in the plane of the circle, 
its end P traces an involute of the circle 
(Example 1). 


Formula for Calculating the Normal Component of Acceleration 


ay = Vial? — ay? (3) 


EXAMPLE 1 Without finding T and N, write the acceleration of the motion 
r(f) = (cost + tsin Ai + (sint — tcos Aj, t>0 


in the form a = a;T + a\N. (The path of the motion is the involute of the circle in 
Figure 13.27. See also Section 13.3, Exercise 19.) 


Solution We use the first of Equations (2) to find ar: 


v= — =(C-sint + sint + tcos fi + (cost — cost + tsin pj 


= (tcos fi + (tsin pj 


lv] = Vecosttt+ Psintt = VP =|tl =t +1>0 


d d 
eT |v| ons Eq. (2) 


Knowing ay, we use Equation (3) to find ay: 
a = (cost — tsinfi + (sint + tcos fj 
laJ?=2+1 After some algebra 
ay — Vial? — ay? 
=VP+N)-QM=VP=t 


We then use Equation (1) to find a: 
a=a,;I + aN=()T+ ON=T+I UN. | 


Torsion 


How does dB/ds behave in relation to T, N, and B? From the rule for differentiating a 
cross product in Section 13.1, we have 


dB _4(TXN)_ aT dN 
ds ds ee Ee ae 
Since N is the direction of dT /ds, (dT /ds) X N = 0 and 
dB _ dN _,, aN 
Fi ae a ee aa 


From this we see that dB /ds is orthogonal to T, since a cross product is orthogonal to its 
factors. 

Since dB /ds is also orthogonal to B (the latter has constant length), it follows that 
dB / ds is orthogonal to the plane of B and T. In other words, dB/ds is parallel to N, so 
dB / ds is a scalar multiple of N. In symbols, 

dB _ 

= 
The negative sign in this equation is traditional. The scalar 7 is called the torsion along the 
curve. Notice that 


—TN. 


dB _ one _ 
AG N TN: N 7(1) T. 


We use this equation for our next definition. 


Binormal 


Rectifying 


plane Normal plane 


Principal 
normal 


a 
— 


KK 


Unikangent Osculating plane 


FIGURE 13.28 The names of the three 
planes determined by T, N, and B. 
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DEFINITION Let B = T XN. The torsion function of a smooth curve is 


_ _B, 
p= N. (4) 


Unlike the curvature x, which is never negative, the torsion T may be positive, nega- 
tive, or zero. 

The three planes determined by T, N, and B are named and shown in Figure 13.28. 
The curvature x = |dT/ds| can be thought of as the rate at which the normal plane turns 
as the point P moves along its path. Similarly, the torsion 7 = —(dB/ds)+N is the rate at 
which the osculating plane turns about T as P moves along the curve. Torsion measures 
how the curve twists. 

Look at Figure 13.29. If P is a train climbing up a curved track, the rate at which the 
headlight turns from side to side per unit distance is the curvature of the track. The rate at 
which the engine tends to twist out of the plane formed by T and N is the torsion. It can be 
shown that a space curve is a helix if and only if it has constant nonzero curvature and 
constant nonzero torsion. 


The torsion 


dB 
\e 
at P is —(dB/ds) -N. 


The curvature at P 
— is|(dT/ds). 


s increases 


FIGURE 13.29 Every moving body travels with a TNB frame 
that characterizes the geometry of its path of motion. 


Formulas for Computing Curvature and Torsion 


We now give easy-to-use formulas for computing the curvature and torsion of a smooth 
curve. From Equations (1) and (2), we have 


ds as ds \? v = dr/dt = 

~ (885\ 9 x ty 4 ®) KN) 
dt dt? K\ at 
ds : T X T = 0 and 

= k\ 77, | B. TXN=B 

It follows that 
asl? 
|v x al =x a |B] = «|v = |v] and [Bi =1 


Solving for « gives the following formula. 
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Newton’s Dot Notation for Derivatives 
The dots in Equation (6) denote differ- 
entiation with respect to f, one derivative 
for each dot. Thus, x (“x dot’’) means 
dx / dt, % (x double dot”) means d?x/dt?, 
and ‘x (“x triple dot”) means d?x/dt°. 
Similarly, y = dy/dt, and so on. 


Vector Formula for Curvature 


k= (5) 


Equation (5) calculates the curvature, a geometric property of the curve, from the 
velocity and acceleration of any vector representation of the curve in which |v| is different 
from zero. From any formula for motion along a curve, no matter how variable the motion 
may be (as long as v is never zero), we can calculate a geometric property of the curve that 
seems to have nothing to do with the way the curve is parametrically defined. 

The most widely used formula for torsion, derived in more advanced texts, is given in 
a determinant form. 


Formula for Torsion 


x y 2Z 
T= - (Gifv X a#0) (6) 
lv x al? 


This formula calculates the torsion directly from the derivatives of the component func- 
tions x = f(t), y = g(t), z = AA that make up r. The determinant’s first row comes from 
v, the second row comes from a, and the third row comes from a = da/dt. Newton’s dot 
notation for derivatives is traditional. 


EXAMPLE 2 Use Equations (5) and (6) to find the curvature « and torsion 7 for the 
helix 


r(t) = (acos fi + (asin Dj + brk, a,b = 0, e+bhF0. 


Solution We calculate the curvature with Equation (5): 


v = —(asin fi + (acos tj + bk 


a = —(acos fi — (asin pj 
i j k 
vXa=|-asint acost b 


—acost ~—asint 0O 


= (ab sin t)i — (ab cos hj + a’k 


lv x al Vab+at avat+b? a 


C= |v/3 (2+ PY? (2+ R)32 t+ 


(7) 


Notice that Equation (7) agrees with the result in Example 5 in Section 13.4, where we 
calculated the curvature directly from its definition. 
To evaluate Equation (6) for the torsion, we find the entries in the determinant by dif- 
ferentiating r with respect to t. We already have v and a, and 
da 


a= Pan (a sin t)i — (a cos fj. 
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Hence, 
x y Z —asint acost b 
x y Z —acost —asint 0 
x VY Z asint ~—acost 0 
T= = Value of |v X al 

lv x a|? (aVa + b?)? from Eq. (7) 

_ b(a? cos*t + a’ sin’ t) 

a*(a? + b?) 
Sa. 
at b 


From this last equation we see that the torsion of a helix about a circular cylinder is 
constant. In fact, constant curvature and constant torsion characterize the helix among all 
curves in space. a 


Computation Formulas for Curves in Space 


Unit tangent vector: T= i 
v 
bees ; dT /dt 
Principal unit normal vector: N=, 
dT /db| 
Binormal vector: B=TXN 
dt| _ |v Xal 
Curvature: eal vi 
v 
x y 2 
Xx y 2 
aB x y 2% 
Torsion: T : 
ds Iv X al? 
Tangential and normal scalar 
components of acceleration: a =a,T + ayN 
d 
ay = a 


ay = k|v|? = Vial? - ay? 


Exercises 


Finding Tangential and Normal Components 
In Exercises 1 and 2, write a in the form a = a;T + ayN without 
finding T and N. 


1. r(t) = (acos fi + (asinnj + btk 
2. rf) = (1 + 309i + (t — 2)j — 3tk 


In Exercises 3—6, write a in the form a = a;T + axN at the given 
value of ¢ without finding T and N. 


3. r(t) = (t+ Lit 244+ Pk, t= 1 
4. r(f) = (tcos Ai + (tsindj + Pk, t= 0 


5. ra) = Pit (f+ 1/3)8)j + (© -— /3)8)k, t= 0 
6. r(t) = (e'cost)i + (e’sint)j + V2e'k, t= 0 


Finding the TNB Frame 
In Exercises 7 and 8, find r, T, N, and B at the given value of t. Then 
find equations for the osculating, normal, and rectifying planes at that 
value of t. 
7. r(t) = (cos fi 
8. r(t) = (cos fi 


(sintj —k, t= 7/4 
(sinaj + tk, t= 0 
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In Exercises 9-16 of Section 13.4, you found T, N, and «. Now, in the 
following Exercises 9—16, find B and 7 for these space curves. 


9. r(t) = Bsindi + Gcos fj + 4rk 

10. r() = (cost + tsinAi + (sint — tcos fj + 3k 
11. r() = (e'cos Hi + (e’sindj + 2k 

12. r(f) = (6 sin 2t)i + (6 cos 2j + Stk 

13. r(f) = (8/3)i + (7 /2)j, +> 0 

14. r(t) = (cos*t)i + (sine r)j, 0 < t< 7/2 

15. r(f) = ti + (acosh(t/a))j, a> 0 

16. r(‘) = (cosh Ai — (sinhaAj + tk 


Physical Applications 
17. The speedometer on your car reads a steady 35 mph. Could you 
be accelerating? Explain. 


18. Can anything be said about the acceleration of a particle that is 
moving at a constant speed? Give reasons for your answer. 


19. Can anything be said about the speed of a particle whose acceler- 
ation is always orthogonal to its velocity? Give reasons for your 
answer. 

20. An object of mass m travels along the parabola y = x? with a 
constant speed of 10 units /sec. What is the force on the object 
due to its acceleration at (0, 0)? at (2'/?, 2)? Write your answers 
in terms of i and j. (Remember Newton’s law, F = ma.) 


Theory and Examples 
21. Show that « and 7 are both zero for the line 
r(t) = (x% + Adi + (yo + BOY + (em + Cdk. 
22. Show that a moving particle will move in a straight line if the 
normal component of its acceleration is zero. 


23. A sometime shortcut to curvature If you already know |ay| 
and |y|, then the formula ay = «|v|? gives a convenient way to 
find the curvature. Use it to find the curvature and radius of cur- 
vature of the curve 


r(t) = (cost + fsinfi + (sint — tcospj, t > 0. 


(Take ay and |y| from Example 1.) 


24. What can be said about the torsion of a smooth plane curve 
r(t) = f(Hi + g(fj? Give reasons for your answer. 


25. Differentiable curves with zero torsion lie in planes That a 
sufficiently differentiable curve with zero torsion lies in a plane is 
a special case of the fact that a particle whose velocity remains 
perpendicular to a fixed vector C moves in a plane perpendicular 
to C. This, in turn, can be viewed as the following result. 

Suppose r(t) = f(Ai + g(Hj + A*K is twice differentiable 

for all ¢ in an interval [a,b], that r = 0 when ¢ = a, and that 
v-k = 0 for all ¢ in [a,b]. Show that A(t) = 0 for all ¢ in 
[a, b]|. (Hint: Start with a = d?r/dt? and apply the initial condi- 
tions in reverse order.) 

26. A formula that calculates 7 from B and v_ If we start with the 
definition t = —(dB/ds)-N and apply the Chain Rule to rewrite 
dB / ds as 


dB _ dBdt _ dB 1 
ds dt ds dt |v 


? 


we arrive at the formula 


Use the formula to find the torsion of the helix in Example 2. 


COMPUTER EXPLORATIONS 

Rounding the answers to four decimal places, use a CAS to find vy, a, 
speed, T, N, B, x, 7, and the tangential and normal components of 
acceleration for the curves in Exercises 27—30 at the given values of f. 


27. r(t) = (tcos fi + (tsindj + tk, t= V3 
28. r(t) = (e'cos fi + (e’sintj + ek, ft = In2 
29. r(t) = (t — sn di + (1 — cosaj + V—-tk, t = —37 


30. r(t) = (3 -— P)i+ BP)j + GBrt+ P)k, t= 1 


1 3. 6 Velocity and Acceleration in Polar Coordinates 


FIGURE 13.30 The length of r is the 
positive polar coordinate r of the point P. 


Thus, u,, which is r/|r|, is also r/r. 
Equations (1) express u, and uy in terms 


of i and j. 


u,. = (cos 0)i + (sin 0)j, 


In this section we derive equations for velocity and acceleration in polar coordinates. 
These equations are useful for calculating the paths of planets and satellites in space, and 
we use them to examine Kepler’s three laws of planetary motion. 


Motion in Polar and Cylindrical Coordinates 


>x When a particle at P(r, 0) moves along a curve in the polar coordinate plane, we express 
its position, velocity, and acceleration in terms of the moving unit vectors 


Uy = —(sin @)i + (cos 8)j, (1) 


shown in Figure 13.30. The vector u, points along the position vector OP, so r = ru,. 
The vector ug, orthogonal to u,, points in the direction of increasing 0. 


FIGURE 13.31 In polar coordinates, the 
velocity vector is 


v=ru, + rou. 


x 


FIGURE 13.32 Position vector and 
basic unit vectors in cylindrical coordi- 
nates. Notice that |r| # rif z # 0 since 


lr] = VE +, 


_ _GmM r 


[r| Il 


FIGURE 13.33 The force of gravity is 
directed along the line joining the centers 
of mass. 
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We find from Equations (1) that 


du, — ‘ 

do” —(sin 0)i + (cos 0)j = Ug 
duy ‘ , : 

a. —(cos #)i — (sin #—)j = —u.. 


When we differentiate u, and uy with respect to ¢ to find how they change with time, 
the Chain Rule gives 


6=6u, wy = —~6=—6u,. (2) 
Hence, we can express the velocity vector in terms of u, and uy as 
‘ d : ; : : 
v=re= aw = ru, + ru, = ru, + rOuy. 


See Figure 13.31. As in the previous section, we use Newton’s dot notation for time deriva- 
tives to keep the formulas as simple as we can: u,. means du,/dt, 9 means d6/dt, and so on. 
The acceleration is 


a= v= (fu, + ru,) + (Ou, + rou, + rOu,). 


When Equations (2) are used to evaluate u, and Uy and the components are separated, the 
equation for acceleration in terms of u,. and uy, becomes 


a = (¥ — r62)u, + (r6 + 276)uy. 


To extend these equations of motion to space, we add zk to the right-hand side of the 
equation r = ru,. Then, in these cylindrical coordinates, we have 


Position: r=ru,+ zk 
Velocity: v =u, + rou, + zk (3) 
Acceleration: a= (F- r6?)u, + (ro + 276)uy + zk 


The vectors u,, Ug, and k make a right-handed frame (Figure 13.32) in which 


u, X uy = k, uy X k = u,, k X u, = Ww. 


Planets Move in Planes 


Newton’s law of gravitation says that if r is the radius vector from the center of a sun of 
mass M to the center of a planet of mass m, then the force F of the gravitational attraction 
between the planet and sun is 


_GmM r 
irl? |r| 


F = 


(Figure 13.33). The number G is the universal gravitational constant. If we measure mass 
in kilograms, force in newtons, and distance in meters, G is about 6.6738 X 107!! Nm? kg~?. 

Combining the gravitation law with Newton’s second law, F = mr, for the force act- 
ing on the planet gives 


The planet is therefore accelerated toward the sun’s center of mass at all times. 
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FIGURE 13.34 A planet that obeys 
Newton’s laws of gravitation and motion 


travels in the plane through the sun’s cen- 


ter of mass perpendicular to C = r X r. 


FIGURE 13.35 The line joining a 
planet to its sun sweeps over equal 
areas in equal times. 


Planet 


Since F is a scalar multiple of r, we have 


II 
= 


rxXr 
From this last equation, 
Pex sex et exX tar x= 0, 
It follows that : 
rxXr=C (4) 


for some constant vector C. 

Equation (4) tells us that r and r always lie in a plane perpendicular to C. Hence, the 
planet moves in a fixed plane through the center of its sun (Figure 13.34). We next see how 
Kepler’s laws describe the motion in a precise way. 


Kepler’s First Law (Ellipse Law) 


Kepler’s first law says that a planet’s path is an ellipse with the sun at one focus. The 
eccentricity of the ellipse is 


2 
_— Tovo" 
eS ap (3) 


and the polar equation (see Section 11.7, Equation (5)) is 


(1 + ery 


YT + ecosé’ (6) 


Here vg is the speed when the planet is positioned at its minimum distance 7 from the sun. 
We omit the lengthy proof. The sun’s mass M is 1.99 X 10°° kg. 


Kepler’s Second Law (Equal Area Law) 


Kepler’s second law says that the radius vector from the sun to a planet (the vector r in our 
model) sweeps out equal areas in equal times, as displayed in Figure 13.35. In that figure, we 
assume the plane of the planet is the xy-plane, so the unit vector in the direction of C is k. We 
introduce polar coordinates in the plane, choosing as initial line 6 = 0, the direction r when 
|r| = risa minimum value. Then at t = 0, we have r(0) = 7 being a minimum so 


dr 


lio = ha and U. = liao = [ 70 | <6 Eq. (3),z = 0 
t= 


To derive Kepler’s second law, we use Equation (3) to evaluate the cross product 
C =r X r from Equation (4): 
C=rxXr=rxv 
= ru, X (ru, + r0u,) Eq. (3),z = 0 


= rr(u, X u,) + r(r6)(u, X Us) 


0 k 
= r(r0)k. (7) 


Setting ¢ equal to zero shows that 
C = [r(6)],-9 k = muok. 
Substituting this value for C in Equation (7) gives 


MUok = r°0k, or 7170 = Mv. 


HISTORICAL BIOGRAPHY 
Johannes Kepler 


(1571-1630) 


{\ 


Planet 


FIGURE 13.36 The length of the major 
axis of the ellipse is 2a = 7% + Tax. 
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This is where the area comes in. The area differential in polar coordinates is 


(Section 11.5). Accordingly, dA /dt has the constant value 


dA 
dt 


So dA/dt is constant, giving Kepler’s second law. 


Lae 1 
= 570 = 51Uo- (8) 


Kepler’s Third Law (Time—Distance Law) 


The time 7 it takes a planet to go around its sun once is the planet’s orbital period. 
Kepler’s third law says that T and the orbit’s semimajor axis a are related by the equation 
T? | 4? 

a” GM 
Since the right-hand side of this equation is constant within a given solar system, the ratio 

of T? to a? is the same for every planet in the system. 
Here is a partial derivation of Kepler’s third law. The area enclosed by the planet’s 
elliptical orbit is calculated as follows: 


T 
Area = il dA 
0 


T 
=f Snmat Eq. (8) 
0 


= u TIVUp a 


2 


If b is the semiminor axis, the area of the ellipse is ab, so 


_ 2aab _ 21a? For any ellipse, 


T 1oV0 Vo 1 a b=avVi1-e*. (9) 


It remains only to express a and e in terms of 7, Up, G, and M. Equation (5) does this 
for e. For a, we observe that setting 9 equal to 7 in Equation (6) gives 


_ Ilte 
Tmax ~ TOY" 


Hence, from Figure 13.36, 
2% 2%GM 
1 —e 2GM _ TV : 


(10) 


2a = i) + ‘max = 


Squaring both sides of Equation (9) and substituting the results of Equations (5) and (10) 
produces Kepler’s third law (Exercise 9). 


In Exercises 1—5, find the velocity and acceleration vectors in terms of 5. r=2cos4t and @ = 2t 
u, and Uy. 6. Type of orbit For what values of vp in Equation (5) is the orbit 
i i ircle? ipse? ? ? 
i, eS wl = ebay and a =" in Equation (6) a circle? An ellipse? A parabola? A hyperbola? 
: 7. Circular orbits Show that a planet in a circular orbit moves 
2. r=asin26 and do _ or with a constant speed. (Hint: This is a consequence of one of 
dt Kepler’s laws.) 
3. r= e and a = 8. Suppose that r is the position vector of a particle moving along 
: a a plane curve and dA /dt is the rate at which the vector sweeps 
4,.r=a(1+sint) and 6=1-e* 
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out area. Without introducing coordinates, and assuming the nec- 
essary derivatives exist, give a geometric argument based on 
increments and limits for the validity of the equation 


dA_ 1 


aos r|. 


. Kepler’s third law Complete the derivation of Kepler’s third 


law (the part following Equation (10)). 


Do the data in the accompanying table support Kepler’s third 
law? Give reasons for your answer. 


Semimajor axis 


Planet a (10!° m) Period T (years) 
Mercury 5.79 0.241 
Venus 10.81 0.615 
Mars 22.78 1.881 
Saturn 142.70 29.457 


11. 


12. 


13. 


14. 


15. 


16. 


Earth’s major axis Estimate the length of the major axis of 
Earth’s orbit if its orbital period is 365.256 days. 


Estimate the length of the major axis of the orbit of Uranus if its 
orbital period is 84 years. 


The eccentricity of Earth’s orbit is e = 0.0167, so the orbit is 
nearly circular, with radius approximately 150 X 10° km. Find 
the rate dA /dt in units of km?/sec satisfying Kepler’s second law. 


Jupiter’s orbital period Estimate the oribital period of Jupiter, 
assuming that a = 77.8 X 10!° m. 
Mass of Jupiter Io is one of the moons of Jupiter. It has a semi- 


major axis of 0.042 < 10!° m and an orbital period of 1.769 
days. Use these data to estimate the mass of Jupiter. 


Distance from Earth to the moon The period of the moon’s 
rotation around Earth is 2.36055 X 10° sec. Estimate the distance 
to the moon. 


Chapter Questions to Guide Your Review 


1. 


State the rules for differentiating and integrating vector functions. 
Give examples. 


. How do you define and calculate the velocity, speed, direction of 


motion, and acceleration of a body moving along a sufficiently 
differentiable space curve? Give an example. 


. What is special about the derivatives of vector functions of con- 


stant length? Give an example. 


. What are the vector and parametric equations for ideal projectile 


motion? How do you find a projectile’s maximum height, flight 
time, and range? Give examples. 


. How do you define and calculate the length of a segment of a 


smooth space curve? Give an example. What mathematical assump- 
tions are involved in the definition? 


. How do you measure distance along a smooth curve in space 


from a preselected base point? Give an example. 


. What is a differentiable curve’s unit tangent vector? Give an 


example. 


Chapter |. 6 Practice Exercises 


Motion in the Plane 
In Exercises | and 2, graph the curves and sketch their velocity and 
acceleration vectors at the given values of t. Then write a in the form 
a = a;T + ayN without finding T and N, and find the value of x at 
the given values of f. 


1. r(t) = (4cos pi + (V2sint)j, t= 0 and 7/4 


2. r(t) = (V3sec t)i + (V3 tan t)j. t=0 


8. 


11. 


12. 


13. 


Define curvature, circle of curvature (osculating circle), center of 
curvature, and radius of curvature for twice-differentiable curves 
in the plane. Give examples. What curves have zero curvature? 
Constant curvature? 


What is a plane curve’s principal normal vector? When is it 
defined? Which way does it point? Give an example. 


. How do you define N and x for curves in space? How are these 


quantities related? Give examples. 


What is a curve’s binormal vector? Give an example. How is this 
vector related to the curve’s torsion? Give an example. 


What formulas are available for writing a moving object’s accel- 
eration as a sum of its tangential and normal components? Give 
an example. Why might one want to write the acceleration this 
way? What if the object moves at a constant speed? At a constant 
speed around a circle? 


State Kepler’s laws. 


. The position of a particle in the plane at time f is 


1 : t é 
r= 14 Jj. 
Vite Vite 


Find the particle’s highest speed. 


. Suppose r(t) = (e’cos fi + (e’sindj. Show that the angle 


between r and a never changes. What is the angle? 


. Finding curvature At point P, the velocity and acceleration of 


a particle moving in the plane are v = 3i + 4janda = Si + 15j. 
Find the curvature of the particle’s path at P. 


. Find the point on the curve y = e* where the curvature is greatest. 


7. A particle moves around the unit circle in the xy-plane. Its posi- 


10. 


tion at time ¢ is r = xi + yj, where x and y are differentiable 
functions of t. Find dy/dt if v-i = y. Is the motion clockwise or 
counterclockwise? 


. You send a message through a pneumatic tube that follows the 


curve 9y = x? (distance in meters). At the point (3, 3), vi = 4 
and a-i = —2. Find the values of v-j and a-j at (3, 3). 


. Characterizing circular motion A particle moves in the plane 


so that its velocity and position vectors are always orthogonal. 
Show that the particle moves in a circle centered at the origin. 


Speed along a cycloid A circular wheel with radius 1 ft and 
center C rolls to the right along the x-axis at a half-turn per sec- 
ond. (See the accompanying figure.) At time t seconds, the posi- 
tion vector of the point P on the wheel’s circumference is 


r = (at — sinat)i + (1 — cos wf)j. 


a. Sketch the curve traced by P during the interval 0 = ¢ = 3. 


b. Find v and a at t = O, 1, 2, and 3 and add these vectors to 
your sketch. 


c. At any given time, what is the forward speed of the topmost 
point of the wheel? Of C? 


>X 


Projectile Motion 


11. 


12. 


13. 


Shot put A shot leaves the thrower’s hand 6.5 ft above the 
ground at a 45° angle at 44 ft/sec. Where is it 3 sec later? 


Javelin A javelin leaves the thrower’s hand 7 ft above the 
ground at a 45° angle at 80 ft/sec. How high does it go? 

A golf ball is hit with an initial speed vp at an angle a to the hori- 
zontal from a point that lies at the foot of a straight-sided hill that 
is inclined at an angle ¢ to the horizontal, where 

ff. 


0O<¢<aK<z 


Show that the ball lands at a distance 


2up* cos a 


rare sin (a — @), 


measured up the face of the hill. Hence, show that the great- 
est range that can be achieved for a given vp occurs when 


14. 
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a = (f/2) + (7/4), i.e., when the initial velocity vector bisects 
the angle between the vertical and the hill. 


Javelin In Potsdam in 1988, Petra Felke of (then) East Germany 
set a women’s world record by throwing a javelin 262 ft 5 in. 


a. Assuming that Felke launched the javelin at a 40° angle to the 
horizontal 6.5 ft above the ground, what was the javelin’s ini- 
tial speed? 

b. How high did the javelin go? 


Motion in Space 
Find the lengths of the curves in Exercises 15 and 16. 


15. r(f) = (2cosAi + (2sindj + Pk, OStS 7/4 

16. r(t) = Gcosfi + Bsindj + 277k, O51 =3 

In Exercises 17-20, find T, N, B, «, and 7 at the given value of rf. 
17. r(t) = 5 (l + 13/24 4 (1 3/25 4 yk, t=0 

18. r(t) = (e! sin 2r)i + (e! cos 2t)j + 2e’k, t= 0 

19. r(f) = tit set, t=In2 

20. r(t) = G cosh 2fi + (3 sinh 2)j + 6tk, ft = In2 

In Exercises 21 and 22, write a in the form a = a;T + ayN at t = 0 
without finding T and N. 

21. r(f) = (2 + 3t + 30°)i + (4¢ + 42°)j -— (6 cos Dk 

22. r(t) = (2+ Di + (4 + 2°)j + 1+ P)k 


23. 


24. 


25. 


26. 


27. 


28. 


Find T, N, B, «, and 7 as functions of ¢ if 
r(t) = (sin f)i + (V2 cos t)j + (sin f)k. 


At what times in the interval 0 = t = zw are the velocity and 
acceleration vectors of the motion r(t) = i+ (Scos fj + 
(3 sin t)k orthogonal? 


The position of a particle moving in space at time t = 0 is 


(out) (0-2) 


Find the first time r is orthogonal to the vector i — j. 


r(t) = 2i4 


Find equations for the osculating, normal, and rectifying planes 
of the curve r(f) = ti + fj + 2k at the point (1, 1, 1). 


Find parametric equations for the line that is tangent to the curve 
r(t) = ei + (sindj + Ind! — dk att = 0. 


Find parametric equations for the line tangent to the helix r(t) = 
(V2 cos t)i a (V2 sin t)j + tk at the point where t = 77/4. 


Theory and Examples 


29. 


Synchronous curves By eliminating a from the ideal projec- 
tile equations 


x = (vpcosa)t, y = (up sina)t — Set 


show that x? + (y + gt?/2)? = u9?2?. This shows that projec- 
tiles launched simultaneously from the origin at the same initial 
speed will, at any given instant, all lie on the circle of radius uot 
centered at (0,—g??/2), regardless of their launch angle. These 
circles are the synchronous curves of the launching. 
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30. Radius of curvature Show that the radius of curvature of a counterclockwise around the circle x2 + y? = a? from the point 
twice-differentiable plane curve r(¢) = f(i + g(Qj is given by (a, 0) to a point P, along with the angle ¢ at P. Calculate the circle’s 
the formula curvature using the alternative definition. (Hint: 6 = @ + 7/2.) 
x2 + yy? itis 32. The view from Skylab 4 What percentage of Earth’s surface area 
p= Very ge where s = ave + y’. could the astronauts see when Skylab 4 was at its apogee height, 
ry : 437 km above the surface? To find out, model the visible surface 
31. An alternative definition of curvature in the plane An alterna- as the surface generated by revolving the circular arc GT, shown 
tive definition gives the curvature of a sufficiently differentiable here, about the y-axis. Then carry out these steps: 
plane curve to be |db/ds|, where @ is the angle between T and i 1. Use similar triangles in the figure to show that y)/6380 = 
(Figure 13.37a). Figure 13.37b shows the distance s measured 6380/(6380 + 437). Solve for yo. 


2. To four significant digits, calculate the visible area as 


6380 2 
_ I, (a 
VA = / 2axy/1 + (#) dy. 


3. Express the result as a percentage of Earth’s surface area. 


BA 


> X 


(b) 


FIGURE 13.37 Figures for Exercise 31. 
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Applications 

1. A frictionless particle P, starting from rest at time f = 0 at the 

point (a, 0, 0), slides down the helix 
r(9) = (acos 0™)i + (asin 0)j + bOk (a,b > 0) 

under the influence of gravity, as in the accompanying figure. The 0 The 
in this equation is the cylindrical coordinate @ and the helix is the y — wr =a,72= 0 
curve r = a,z = b0,0@ = O, in cylindrical coordinates. We assume SN 
@ to be a differentiable function of t for the motion. The law of 
conservation of energy tells us that the particle’s speed after it has 
fallen straight down a distance z is V 292, where g is the constant 
acceleration of gravity. 


Positive z-axis 
points down. 


a. Find the angular velocity d0/dt when 0 = 27. 


b. Express the particle’s 6- and z-coordinates as functions of f. y 
c. Express the tangential and normal components of the velocity 
dr /dt and acceleration d’r/dt* as functions of t. Does the 
acceleration have any nonzero component in the direction of 


the binormal vector B? 


2. Suppose the curve in Exercise | is replaced by the conical helix 
r = a0, z = b@ shown in the accompanying figure. 


a. Express the angular velocity d0/dt as a function of 0. 


b. Express the distance the particle travels along the helix as a 
function of 6. 


3. 


| 
Conical helix 
r=a0,z=b0 
| 

| 

| 


Positive z-axis points down. 


z 


Motion in Polar and Cylindrical Coordinates 


Deduce from the orbit equation 


(1 + ery 


"T+ ecos0 


that a planet is closest to its sun when @ = 0 and show that 
r = fr at that time. 


. A Kepler equation The problem of locating a planet in its orbit 


at a given time and date eventually leads to solving “Kepler” 
equations of the form 


fm=x-1 yin x = 0. 


a. Show that this particular equation has a solution between 
x = Oand x = 2. 


b. With your computer or calculator in radian mode, use Newton’s 
method to find the solution to as many places as you can. 


. In Section 13.6, we found the velocity of a particle moving in the 


plane to be 


v=xit+ yj =ru,.t+ rOUg. 


a. Express x and } in terms of 7 and r@ by evaluating the dot 
products v-i and v-j. 


b. Express 7 and r@ in terms of x and y by evaluating the dot 
products v-u, and v- uy. 


. Express the curvature of a twice-differentiable curve r = f(0) in 


the polar coordinate plane in terms of f and its derivatives. 


. A slender rod through the origin of the polar coordinate plane 


rotates (in the plane) about the origin at the rate of 3 rad/min. A 
beetle starting from the point (2, 0) crawls along the rod toward 
the origin at the rate of 1 in. / min. 


a. Find the beetle’s acceleration and velocity in polar form when 
it is halfway to (1 in. from) the origin. 


b. To the nearest tenth of an inch, what will be the length of 
the path the beetle has traveled by the time it reaches the 
origin? 
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. Arc length in cylindrical coordinates 


a. Show that when you express ds* = dx? + dy? + dz? in terms 
of cylindrical coordinates, you get ds? = dr? + r? d0? + dz?. 


b. Interpret this result geometrically in terms of the edges and a 
diagonal of a box. Sketch the box. 


c. Use the result in part (a) to find the length of the curve 
r=e,z=e,0=6<In8. 


. Unit vectors for position and motion in cylindrical coordi- 


nates When the position of a particle moving in space is given 
in cylindrical coordinates, the unit vectors we use to describe its 
position and motion are 

u, = (cos 0)i + (sin 0)j, uy = —(sin 6)i + (cos 0)j, 
and k (see accompanying figure). The particle’s position vector is 


then r = ru, + zk, where r is the positive polar distance coordi- 
nate of the particle’s position. 


>N 


‘a 


‘e(r, 0, 0) 


a. Show that u,, uy, and k, in this order, form a right-handed 
frame of unit vectors. 


b. Show that 


du, q dug 

=; =u, and — =~—u,. 

do” do : 

c. Assuming that the necessary derivatives with respect to ¢ exist, 
express V = r and a = F in terms of u,, ug, k, 7, and 0. 

d. Conservation of angular momentum Let r(¢) denote the 
position in space of a moving object at time ¢. Suppose the 
force acting on the object at time f is 


—__e¢ 


FO Tok 


r(O), 


where c is a constant. In physics the angular momentum of 
an object at time ¢ is defined to be L(t) = r(t) X mv(t), 
where m is the mass of the object and v(f) is the velocity. 
Prove that angular momentum is a conserved quantity; i.e., 
prove that L(A) is a constant vector, independent of time. 
Remember Newton’s law F = ma. (This is a calculus prob- 
lem, not a physics problem.) 
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Chapter | Bay Technology Application Projects 


Mathematica / Maple Modules: 


Radar Tracking of a Moving Object 
Visualize position, velocity, and acceleration vectors to analyze motion. 


Parametric and Polar Equations with a Figure Skater 
Visualize position, velocity, and acceleration vectors to analyze motion. 


Moving in Three Dimensions 
Compute distance traveled, speed, curvature, and torsion for motion along a space curve. Visualize and compute the tangential, normal, and binor- 
mal vectors associated with motion along a space curve. 


See | ( 
‘ ee | 


Partial Derivatives 


OVERVIEW Many functions depend on more than one independent variable. For instance, 
the volume of a right circular cylinder is a function V = rh of its radius and its height, 
so it is a function V(r, h) of two variables r and h. The speed of sound through seawater is 
primarily a function of salinity S and temperature 7. The surface area of the human body is 
a function of its height / and weight w. The monthly payment on a home mortgage is a 
function of the principal borrowed P, the interest rate i, and the term f of the loan. 

In this chapter we extend the basic ideas of single-variable differential calculus to 
functions of several variables. Their derivatives are more varied and interesting because of 
the different ways the variables can interact. The applications of these derivatives are also 
more varied than for single-variable calculus, and in the next chapter we will see that the 
same is true for integrals involving several variables. 


1 4. 1 Functions of Several Variables 


Real-valued functions of several independent real variables are defined analogously to 
functions in the single-variable case. Points in the domain are ordered pairs (triples, qua- 
druples, n-tuples) of real numbers, and values in the range are real numbers as we have 
worked with all along. 


DEFINITIONS Suppose D is a set of n-tuples of real numbers (x1, %,... , X;,). A 
real-valued function f on D is a rule that assigns a unique (single) real number 


Ww = f(x, Xo, ..- > Xp) 


to each element in D. The set D is the function’s domain. The set of w-values taken 
on by f is the function’s range. The symbol w is the dependent variable of f, and 
f is said to be a function of the n independent variables x, to x,. We also call the 
x;’s the function’s input variables and call w the function’s output variable. 


If f is a function of two independent variables, we usually call the independent vari- 
ables x and y and the dependent variable z, and we picture the domain of f as a region in 
the xy-plane (Figure 14.1). If f is a function of three independent variables, we call the 
independent variables x, y, and z and the dependent variable w, and we picture the domain 
as a region in space. 

In applications, we tend to use letters that remind us of what the variables stand for. To 
say that the volume of a right circular cylinder is a function of its radius and height, we might 
write V = f(r, h). To be more specific, we might replace the notation f(r, 2) by the formula 
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>< 


f 


(x, y) f(a, b) 
>Xx — 1 


oe 
0 aS 0 f(x,y) 


FIGURE 14.1 An arrow diagram for the function z = f(x, y). 


that calculates the value of V from the values of r and h, and write V = ar7h. In either case, 
rand h would be the independent variables and V the dependent variable of the function. 

As usual, we evaluate functions defined by formulas by substituting the values of the 
independent variables in the formula and calculating the corresponding value of the depen- 


dent variable. For example, the value of f(x, y, z) = Vet yt 2 at the point (3, 0, 4) is 
f(3, 0,4) = VG)? + OP + (4? = V25 = 5. 


Domains and Ranges 


In defining a function of more than one variable, we follow the usual practice of excluding 
inputs that lead to complex numbers or division by zero. If f(x, y) = Vy — x, y cannot 
be less than x’. If f(x, y) = 1/(xy), xy cannot be zero. The domain of a function is 
assumed to be the largest set for which the defining rule generates real numbers, unless the 
domain is otherwise specified explicitly. The range consists of the set of output values for 
the dependent variable. 


EXAMPLE 1 


(a) These are functions of two variables. Note the restrictions that may apply to their 
domains in order to obtain a real value for the dependent variable z. 


Function Domain Range 
z=Vy-x y2x [ 0, 00) 

c= xy #0 (—00, 0) U (0, 00) 
Z = sinxy Entire plane [-1, 1] 


(b) These are functions of three variables with restrictions on some of their domains. 


Function Domain Range 
w=Vxr4+y4+2 Entire space [ 0, 00) 

1 
v—PEpee (x,y,z) # (0, 0, 0) (0, C0) 
w = xylnz Half-space z > 0 (—00, 00) 


Functions of Two Variables 


Regions in the plane can have interior points and boundary points just like intervals on the 
real line. Closed intervals [ a,b] include their boundary points, open intervals (a, b) don’t 
include their boundary points, and intervals such as [ a, b) are neither open nor closed. 


(a) Interior point 


Sue 


(b) Boundary point 


FIGURE 14.2 Interior points and 
boundary points of a plane region R. An 


interior point is necessarily a point of R. A 


boundary point of R need not belong to R. 


y 


Outside, 
6 ae x? <0 


4 Interior points, 
where y — x7 >0 


“la 


The parabola 
y-x?=0 


is the boundary. 


> xX 


=] 0 1 


FIGURE 14.4 The domain of f(x, y) in 
Example 2 consists of the shaded region 


and its bounding parabola. 


14.1 Functions of Several Variables 


DEFINITIONS A point (x, yo) in a region (set) R in the xy-plane is an interior 
point of R if it is the center of a disk of positive radius that lies entirely in R 
(Figure 14.2). A point (x9, yo) is a boundary point of R if every disk centered at 
(xp, Yo) contains points that lie outside of R as well as points that lie in R. (The 
boundary point itself need not belong to R.) 

The interior points of a region, as a set, make up the interior of the region. 
The region’s boundary points make up its boundary. A region is open if it con- 
sists entirely of interior points. A region is closed if it contains all its boundary 


points (Figure 14.3). 


tea 


>xX 


{x y)| x? + y? <1} 
Open unit disk. 
Every point an 


> xX 


{@ yx? + y? = 1} 
Boundary of unit 
disk. (The unit 


>xX 


{Q, y)| x? +y? <1} 
Closed unit disk. 
Contains all 
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interior point. circle.) boundary points. 


FIGURE 14.3 Interior points and boundary points of the unit disk in the plane. 


As with a half-open interval of real numbers [ a, b), some regions in the plane are 
neither open nor closed. If you start with the open disk in Figure 14.3 and add to it some, 
but not all, of its boundary points, the resulting set is neither open nor closed. The bound- 
ary points that are there keep the set from being open. The absence of the remaining 
boundary points keeps the set from being closed. 


DEFINITIONS A region in the plane is bounded if it lies inside a disk of finite 
radius. A region is unbounded if it is not bounded. 


Examples of bounded sets in the plane include line segments, triangles, interiors of 
triangles, rectangles, circles, and disks. Examples of unbounded sets in the plane include 
lines, coordinate axes, the graphs of functions defined on infinite intervals, quadrants, 
half-planes, and the plane itself. 


2 


EXAMPLE 2 a 


Describe the domain of the function f(x, y) = 


Solution Since f is defined only where y — x? = 0, the domain is the closed, 
unbounded region shown in Figure 14.4. The parabola y = x? is the boundary of the 
domain. The points above the parabola make up the domain’s interior. | 


Graphs, Level Curves, and Contours of Functions of Two Variables 


There are two standard ways to picture the values of a function f(x, y). One is to draw and 
label curves in the domain on which f has a constant value. The other is to sketch the sur- 
face z = f(x, y) in space. 
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zg 


100 
Six, y) = 75 V 


The surface 
z= fix, y) 

= 100—x?-y* 
is the graph of f. 


DEFINITIONS The set of points in the plane where a function f(x, y) has a 
constant value f(x, y) = c is called a level curve of f. The set of all points 
(x, y, f(x, y)) in space, for (x, y) in the domain of f, is called the graph of f. The 
graph of f is also called the surface z = f(x,y). 


fix, y) = 51 
(a typical 

Sc level curve in 
the function’s 
domain) 


fix, y) = 0 


FIGURE 14.5 The graph and selected 
level curves of the function f(x, y) in 
Example 3. 


The contour curve f(x, y) = 100 — x? — y? = 75 
is the circle x* + y? = 25 in the plane z = 75. 


z=100-x-y 


Plane z = 75 


The level curve f(x, y) = 100 — x* — y? = 75 
is the circle x7 + y? = 25 in the xy-plane. 
FIGURE 14.6 A plane z = c parallel 
to the xy-plane intersecting a surface 
z = f(x, y) produces a contour curve. 


EXAMPLE 3 Graph f(x, y) = 100 — x? — y* and plot the level curves f(x, y) = 0, 
f(x, y) = 51, and f(x, y) = 75 in the domain of f in the plane. 


Solution The domain of f is the entire xy-plane, and the range of f is the set of real 
numbers less than or equal to 100. The graph is the paraboloid z = 100 — x? — y, the 
positive portion of which is shown in Figure 14.5. 

The level curve f(x, y) = 0 is the set of points in the xy-plane at which 


fax,y) = 100-27 -y?=0, or x+y = 100, 


which is the circle of radius 10 centered at the origin. Similarly, the level curves 
f(x, y) = 51 and f(x, y) = 75 (Figure 14.5) are the circles 


f(x, y) = 100 — x? — y? = 51, or 
f(x, y) = 100 — x2 — y? = 75, or 


x? + y? = 49 
x? + y? = 25. 


The level curve f(x, y) = 100 consists of the origin alone. (It is still a level curve.) 

If x? + y? > 100, then the values of f(x, y) are negative. For example, the circle 
x? + y* = 144, which is the circle centered at the origin with radius 12, gives the constant 
value f(x, y) = —44 and is a level curve of f. oO 


The curve in space in which the plane z = c cuts a surface z = f(x, y) is made up of the 
points that represent the function value f(x, y) = c. It is called the contour curve 
f(x, y) = c to distinguish it from the level curve f(x, y) = c in the domain of f. Figure 
14.6 shows the contour curve f(x, y) = 75 on the surface z = 100 — x? — y* defined by 
the function f(x, y) = 100 — x? — y*. The contour curve lies directly above the circle 
x? + y? = 25, which is the level curve f(x, y) = 75 in the function’s domain. 

Not everyone makes this distinction, however, and you may wish to call both kinds of 
curves by a single name and rely on context to convey which one you have in mind. On 
most maps, for example, the curves that represent constant elevation (height above sea 
level) are called contours, not level curves (Figure 14.7). 


Functions of Three Variables 


In the plane, the points where a function of two independent variables has a constant value 
f(x, y) = c make a curve in the function’s domain. In space, the points where a function 
of three independent variables has a constant value f(x, y, z) = c make a surface in the 
function’s domain. 


DEFINITION The set of points (x, y, z) in space where a function of three inde- 
pendent variables has a constant value f(x, y, z) = c is called a level surface of f. 


Since the graphs of functions of three variables consist of points (x, y, z, f(x, y, z)) lying 
in a four-dimensional space, we cannot sketch them effectively in our three-dimensional 
frame of reference. We can see how the function behaves, however, by looking at its three- 
dimensional level surfaces. 


EXAMPLE 4 


Describe the level surfaces of the function 


fay, 2 = Vx2 + y? + 22, 


FIGURE 14.8 The level surfaces of 
f(x, y, 2) = Vx? + y? + 2 are concentric 


spheres (Example 4). 


(Xo; Yo» Zo) 


(a) Interior point 


(Xs Yos Zo) 


(b) Boundary point 


FIGURE 14.9 Interior points and 
boundary points of a region in space. As 
with regions in the plane, a boundary point 
need not belong to the space region R. 


14.1 Functions of Several Variables 797 


EAN 


NN 


Dy) 


A \iee 
AK SS 
| 


SEs, 
J 


L Wy 
_ Sys 

rot pee! 
SE, 


ates] Ol 
Wee 


ZINES OES" 


FIGURE 14.7 Contours on Mt. Washington in New Hampshire. (Reprinted by 
permission of the Appalachian Mountain Club.) 


Solution The value of f is the distance from the origin to the point (x, y, z). Each level sur- 
face Vx? + y? + 2 =c,c > 0, is a sphere of radius c centered at the origin. Figure 14.8 
shows a cutaway view of three of these spheres. The level surface Vx? + y? + 2 =0 
consists of the origin alone. 

We are not graphing the function here; we are looking at level surfaces in the func- 
tion’s domain. The level surfaces show how the function’s values change as we move 
through its domain. If we remain on a sphere of radius c centered at the origin, the func- 
tion maintains a constant value, namely c. If we move from a point on one sphere to a 
point on another, the function’s value changes. It increases if we move away from the ori- 
gin and decreases if we move toward the origin. The way the values change depends on 
the direction we take. The dependence of change on direction is important. We return to it 
in Section 14.5. a 


The definitions of interior, boundary, open, closed, bounded, and unbounded for 
regions in space are similar to those for regions in the plane. To accommodate the extra 
dimension, we use solid balls of positive radius instead of disks. 


DEFINITIONS A point (4, yo, Zo) in a region R in space is an interior point of 
R if it is the center of a solid ball that lies entirely in R (Figure 14.9a). A point 
(Xo, Yo. Zo) is a boundary point of R if every solid ball centered at (x, yo, Z)) con- 
tains points that lie outside of R as well as points that lie inside R (Figure 14.9b). 
The interior of R is the set of interior points of R. The boundary of R is the set 
of boundary points of R. 

A region is open if it consists entirely of interior points. A region is closed if 
it contains its entire boundary. 


Examples of open sets in space include the interior of a sphere, the open half-space 
z > 0, the first octant (where x, y, and z are all positive), and space itself. Examples of 
closed sets in space include lines, planes, and the closed half-space z = 0. A solid sphere 
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with part of its boundary removed or a solid cube with a missing face, edge, or corner 
point is neither open nor closed. 

Functions of more than three independent variables are also important. For example, the 
temperature on a surface in space may depend not only on the location of the point P(x, y, z) 
on the surface but also on the time t when it is visited, so we would write T = f(x, y, z, f). 


Computer Graphing 


Three-dimensional graphing software makes it possible to graph functions of two vari- 
ables. We can often get information more quickly from a graph than from a formula, since 
the surfaces reveal increasing and decreasing behavior, and high points or low points. 


EXAMPLE 5 The temperature w beneath the Earth’s surface is a function of the depth 
x beneath the surface and the time ¢ of the year. If we measure x in feet and ¢ as the number 
of days elapsed from the expected date of the yearly highest surface temperature, we can 
model the variation in temperature with the function 


w = cos(1.7 X 10° 7t — 0.2x)e°*. 


(The temperature at 0 ft is scaled to vary from +1 to —1, so that the variation at x feet can 
be interpreted as a fraction of the variation at the surface.) 

Figure 14.10 shows a graph of the function. At a depth of 15 ft, the variation (change 
FIGURE 14.10 This graph shows the in vertical amplitude in the figure) is about 5% of the surface variation. At 25 ft, there is 


seasonal variation of the temperature almost no variation during the year. 

below ground as a fraction of surface The graph also shows that the temperature 15 ft below the surface is about half a year 

temperature (Example 5). out of phase with the surface temperature. When the temperature is lowest on the surface 
(late January, say), it is at its highest 15 ft below. Fifteen feet below the ground, the sea- 
sons are reversed. | 


Figure 14.11 shows computer-generated graphs of a number of functions of two vari- 
ables together with their level curves. 


N 


(a) z = sinx + 2 siny (b) z= (42 + yer” i) cme" 


FIGURE 14.11 Computer-generated graphs and level curves of typical functions of two variables. 


Exercises 14.1 | 


Domain, Range, and Level Curves 
In Exercises 1-4, find the specific function values. 


1. fx, y) = x? + x 
a. f(0, 0) 
ce. f(2, 3) 

2. f(y) = sin (xy) 


a. s(2, z) 
c. s( :) d. s(-%.-7) 


a 


» #1, 1) 
is. f@3;=2) 


a 


= 
SY 
“—~ 
A 
la 
Se 


x— y 
3. f(%y,2) = Pre 
3,- 1,2 b 1 aa 
a. f¢ > 2 ) . f ? phe 4 
Cc. s(0. -t, 0) d. f(2, 2, 100) 
4. f(x, ys z) = V49 x? y’ ze 
a. f(0, 0, 0) b. f(2, —3, 6) 
4 5 6 
5. f= 1,2: 3 d. Se 
1129 aww) 


In Exercises 5—12, find and sketch the domain for each function. 
5. fay) = Vy —x— 2 
6. f(x,y) = In(x? + y* - 4) 


_ @- DO +t 2) 
FO ay — 8) 
sin (xy) 
8. f(y) = Puy 


9. f(x,y) = cos !(y — x?) 
10. f(x,y) = n@y+x-y- 1) 
11. f(x,y) = V(x? — 4)(y’ — 9) 
1 
G-2- 9) 
In Exercises 13-16, find and sketch the level curves f(x, y) = c on 


the same set of coordinate axes for the given values of c. We refer to 
these level curves as a contour map. 


13. fay) =x+y-1, c=—3,-2,-1,0,1,2,3 

14. fa%y=x+y, ¢=0,1,4,9, 16, 25 

15. f(x,y) = xy, c = —9,—-4,—1,0, 1, 4,9 

16. f(x,y) = V25-x7-y, c=0,1,2,3,4 

In Exercises 17—30, (a) find the function’s domain, (b) find the func- 
tion’s range, (c) describe the function’s level curves, (d) find the 
boundary of the function’s domain, (e) determine if the domain is an 


open region, a closed region, or neither, and (f) decide if the domain 
is bounded or unbounded. 


17. fay) =y-x 
19. f(x,y) = 4x7 + 9y? 


12. fx, y) = in 


18. f(x,y) = Vy -—x 
20. fyy) =x -y 
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21. f(x,y) = xy 22. f(x,y) = y/x* 

1 
23. fy) = Vieé-2 =p 24. f(x,y) = V9 - x7 - y? 
25. f(x,y) = In(x? + y’) 26. f(x,y) = ey) 


27. f(x,y) = sin !(y — x) 28. f(x,y) = tan! (z) 


29. f@,y) = nG? +y¥—1) 30. f@,y) = m(9 —2?—y) 


Matching Surfaces with Level Curves 

Exercises 31-36 show level curves for the functions graphed in (a)-(f) 
on the following page. Match each set of curves with the appropriate 
function. 
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x 


z = (cos x)(cos y) e7 V2" + 97/4 


Functions of Two Variables 

Display the values of the functions in Exercises 37-48 in two ways: 
(a) by sketching the surface z = f(x, y) and (b) by drawing an assort- 
ment of level curves in the function’s domain. Label each level curve 
with its function value. 


37. f(x,y) = y? 38. f(x,y) = Vx 

39. fay) =x? + y? 40. f(x,y) = Ve + y? 
41. f(x,y) =x — y 42. fy) =4- 22 - y? 
43. f(x,y) = 4° + y? 44, f(x,y) = 6 — 2x — 3y 
45. f(x,y) =1- ly 46. f(x,y) = 1—- |x| — |y| 


47. fyy)= Ve+FP +4 48. fay =VPFY—4 


Finding Level Curves 
In Exercises 49-52, find an equation for and sketch the graph of the 
level curve of the function f(x, y) that passes through the given point. 
49. f(x,y) = 16 — x? — y’, (2V2, V2) 
50. fy y) = Vx? - 1, (1,0) 
51. f(x,y) xy? = 3; B=1) 

ay — x 
x+ty+t+1’ 


52. f(x,y) = (-1,) 


Sketching Level Surfaces 
In Exercises 53-60, sketch a typical level surface for the function. 


53. fyyj=VrPt+tyt2 54 fix,y,2 = In(x? + y? + 2) 
e. 55. fy, z) =x +z 56. f(x,y, Zz) = z 
57. fuy,j=e+y? 58. fay 2g=yt+2 


59. fx. yD=z-xv-y 
60. f(x,y, 2) = (27/25) + (97/16) + (27/9) 


Finding Level Surfaces 
In Exercises 61-64, find an equation for the level surface of the func- 
tion through the given point. 


61. fx, y,z)= Vx -—y-Inz, 3,-1, 1) 
62. fiyy,2 =n’? +yt+ 2), 12,1) 


63. xuy = VP t+ y4 2, (1,-1, V2) 


KY EZ 
ant y =z’ 


64. g(x,y, z) = (1, 0,—2) 


In Exercises 65-68, find and sketch the domain of f. Then find an 
equation for the level curve or surface of the function passing through 
the given point. 


65. f(x,y) = > (3), i) 


n=0 
[oe} x + n 
66. g(x,y, 2) = pas (In 4, In 9, 2) 
n=0 NZ 
4 
: do 
67. f(x, y) -/ yo, (0, 1) 


y Zz 
dt do 
68. e(x,y,2) = gc. AO dy 3 
ey) Res. Loa con) 


COMPUTER EXPLORATIONS 
Use a CAS to perform the following steps for each of the functions in 
Exercises 69-72. 


a. Plot the surface over the given rectangle. 
b. Plot several level curves in the rectangle. 
c. Plot the level curve of f through the given point. 
69. f(x,y) = xsin 3 +ysin2x, OSx=57, 0S y=5z, 
Pq, 377) 
70. f(x,y) = (sin x)(cos yeV" "8, 0 < x < Sz, 
O0=y=5z, P47, 47) 
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71. f(x,y) = sin(x + 2cosy), -—27 =x S 27, 
—-27 =y=2n, P(r, 7) 


72. f(xy) = &' sing? + y?), OS x S 2m, 
—-27 =y=a, P(a,-T7) 


Use a CAS to plot the implicitly defined level surfaces in Exercises 
73-76. 


73. 4In? + yt 2)=1 
5. x+y-32=1 


76. sin (5) — (cosy) Vx? + 2 = 2 


M4. 24+2=1 


Parametrized Surfaces Just as you describe curves in the plane 
parametrically with a pair of equations x = f(t), y = g(t) defined on 
some parameter interval 7, you can sometimes describe surfaces in 
space with a triple of equations x = f(u, v), y = g(u, v), z = A(u, v) 
defined on some parameter rectangle a = u = b,c Sv S d. Many 
computer algebra systems permit you to plot such surfaces in para- 
metric mode. (Parametrized surfaces are discussed in detail in Section 
16.5.) Use a CAS to plot the surfaces in Exercises 77-80. Also plot 
several level curves in the xy-plane. 


77. x =ucosv, y=usinv, z=u, OSus2, 
Osvs20 


78. x =ucosv, y=usinv, z=v, OSus 2, 


Osvs27 
79. x = (2+ cosu)cosv, y= (2+ cosu)sinv, z= sinu, 


us27, OSvs27 


) 
IA_ Il 


80. x = 2cosucosv, y= 2cosusinv, z= 2sinu, 
OsSus2n, OSvSET7 


14. Z Limits and Continuity in Higher Dimensions 


This section treats limits and continuity for multivariable functions. These ideas are analo- 
gous to limits and continuity for single-variable functions, but including more independent 
variables leads to additional complexity and important differences requiring some new 


ideas. 


Limits for Functions of Two Variables 


If the values of f(x, y) lie arbitrarily close to a fixed real number L for all points (x, y) suf- 
ficiently close to a point (xp, yo), we say that f approaches the limit L as (x, y) approaches 
(Xp, Yo). This is similar to the informal definition for the limit of a function of a single vari- 
able. Notice, however, that if (x, yo) lies in the interior of f’s domain, (x, y) can approach 
(Xo, Yo) from any direction. For the limit to exist, the same limiting value must be obtained 
whatever direction of approach is taken. We illustrate this issue in several examples fol- 


lowing the definition. 
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DEFINITION We say that a function f(x, y) approaches the limit L as (x, y) 
approaches (Xo, yo), and write 
lim xy=L 
(x, YJ >; Yo) I . ) 
if, for every number € > 0, there exists a corresponding number 6 > 0 such 
that for all (x, y) in the domain of f, 


f(y) -—L|<e¢ whenever 0< Va -—%)? + (y— %) <6 


The definition of limit says that the distance between f(x, y) and L becomes arbitrarily 
small whenever the distance from (x, y) to (%, yo) is made sufficiently small (but not 0). 
The definition applies to interior points (xo, yo) as well as boundary points of the domain 
of f, although a boundary point need not lie within the domain. The points (x, y) that 
approach (xo, yo) are always taken to be in the domain of f. See Figure 14.12. 


o , >Z 


FIGURE 14.12 In the limit definition, 5 is the radius of a disk 
centered at (x9, yo). For all points (x, y) within this disk, the function 
values f(x, y) lie inside the corresponding interval (L — €, L + e€). 


As for functions of a single variable, it can be shown that 
lim x =X 
(x, y) > (Xo, Yo) 


lim = Yo 
(x Yo Yo) f ‘ 


lim k=k (any number &). 


(x, yo, Yo) 


For example, in the first limit statement above, f(x, y) = x and L = xg. Using the defini- 
tion of limit, suppose that e > 0 is chosen. If we let 6 equal this €, we see that 


0< Va-mYr + —-y?<d=e 


implies 
Ve mr <€ HPS HP +O - 0? 
|x — x| < € Va = |al 
f(x, y= Xo| <e. x = f(x,y) 
That is, 


lf(x, y) — x| < € whenever 0 < V(x — 2+ 0 — Wy < 6. 
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So a6 has been found satisfying the requirement of the definition, and 


lim fay) = lim x=X. 
(x, Y>Qo: Yo) (x, YJ > Qo Yo) 
As with single-variable functions, the limit of the sum of two functions is the sum of 
their limits (when they both exist), with similar results for the limits of the differences, 
constant multiples, products, quotients, powers, and roots. 


THEOREM 1—Properties of Limits of Functions of Two Variables The fol- 
lowing rules hold if L, M, and k are real numbers and 


lim xXxy=L and lim x,y) =M. 
(x, yJ>Qo, Yo) HK : ) (x, Y)—>(, Yo) at ») 

1. Sum Rule: lim (f(x,y) + g(x,y) =L+M 
(x, YJ (Xo, Yo) 

2. Difference Rule: lim (f(x,y) — g(x,y) =L-M 
(x, YJ Qo: Yo) 

3. Constant Multiple Rule: a ; kf (x, y) = kL (any number k) 
(x, YJ Qo, Yo 

4. Product Rule: 


, FO, y)' g(x,y) = L:-M 


im f@y) _ L 
(x, Yo: Yo) g(x, y) M’ 
[ f(, y)]” = L", na positive integer 


lim Vf@,y) = VL= L', 
(x yo Yo) 


n a positive integer, and if 7 is even, 
we assume that L > 0. 


lim 
(x, YY Qo, Yo 


5. Quotient Rule: M#0 


6. Power Rule: lim 
(x, YY Qo: Yo) 


7. Root Rule: 


While we won’t prove Theorem | here, we give an informal discussion of why it’s 
true. If (x, y) is sufficiently close to (%, yo), then f(x, y) is close to L and g(x, y) is close to 
M (from the informal interpretation of limits). It is then reasonable that f(x, y) + g(x, y) is 
close to L + M; f(x, y) — g(x, y) is close to L — M; kf (x, y) is close to kL; f(x, y)g(x, y) 
is close to LM; and f(x, y)/ g(x, y) is close to L/M if M # 0. 

When we apply Theorem | to polynomials and rational functions, we obtain the use- 
ful result that the limits of these functions as (x, y) — (Xp, yo) can be calculated by evaluat- 
ing the functions at (xp, yo). The only requirement is that the rational functions be defined 


at (Xo; Yo). 


EXAMPLE 1 In this example, we can combine the three simple results following the 
limit definition with the results in Theorem | to calculate the limits. We simply substitute 
the x- and y-values of the point being approached into the functional expression to find the 
limiting value. 


is i X—xyt3 | 0 — (0)(1) + 3 _ 
cy 0.1) ey + Sxy— yy (OP) + 5) — 
(b) lim Vx + y2 = VB)? + (42 = V25 =5 a 
(x, y) 7G, 4) 
x xy 


EXAMPLE 2 Find «fim, ier hye 
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FIGURE 14.13 The surface graph 
shows the limit of the function in Example 


3 must be 0, if it exists. 


Solution Since the denominator Vx — Vy approaches 0 as (x, y) — (0, 0), we cannot 
use the Quotient Rule from Theorem 1. If we multiply numerator and denominator by 
Vx + Vy, however, we produce an equivalent fraction whose limit we can find: 


ee xy (x? _ xy)( Vx + Vy) Multiply by a form 


(x, bain Vx — Vy ~ (x, rare (Vx _ Vy) (Vx x. Vy) equal to 1. 
x(x 7 y)( Vx a Vy) Algebra 


= lim = 
(x, y)>(0.0) ae 
: Cancel the nonzero 
ac ao x( Vx + vy) factor (x — y). 
_ 0( Vo £ V0) 2H Known limit values 


We can cancel the factor (x — y) because the path y = x (along which x — y = 0) is not 
in the domain of the function 


2: 


fay) = a 
x, y) = ———=. 
YO VE = Vy 
4xyy 
EXAMPLE 3 Find lim ——— if it exists. 


(x, y>(0,0) x7 + y? 


Solution We first observe that along the line x = 0, the function always has value 0 
when y # 0. Likewise, along the line y = 0, the function has value 0 provided x # 0. So 
if the limit does exist as (x, y) approaches (0, 0), the value of the limit must be 0 (see Fig- 
ure 14.13). To see if this is true, we apply the definition of limit. 

Let € > 0 be given, but arbitrary. We want to find a 6 > 0 such that 


Axy? 
5 -0| <e whenever 0 < Vix?+ yy? <6 
x+y 
or 
4|x|y? 3 
. 5 <€ whenever 0< VP +y<6. 
x+y 


Since y? <= x* + y? we have that 


4|x| y? 2 
ely < 4|x| = 4V22 < 4Vx2 + y2, 


e+ yr 


So if we choose 6 = €/4 and let 0 < Vx? + y* < 6, we get 


4xy* € 
—0 SAV + y? <46 = 47 =€. 


x? + y? 


It follows from the definition that 


Axy? 


lim = 0. GB 
(x, y)>0,0) x? + y? 


>N 


(a) 


(b) 
FIGURE 14.14 (a) The graph of 


fay) = 42 ] ye #00) 


0, (x, y) = (0, 0). 


The function is continuous at every point 
except the origin. (b) The values of f 

are different constants along each line 

y = mx,x # 0 (Example 5). 
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EXAMPLE 4 If f(x, y) = a does lim _ f(x, y) exist? 


(x, yy >, 0) 


Solution The domain of f does not include the y-axis, so we do not consider any points 
(x, y) where x = 0 in the approach toward the origin (0, 0). Along the x-axis, the value of 
the function is f(x, 0) = 0 for all x ¥ 0. So if the limit does exist as (x, y) — (0, 0), the 
value of the limit must be L = 0. On the other hand, along the line y = x, the value of the 
function is f(x, x) = x/x = 1 for all x # 0. That is, the function f approaches the value 1 
along the line y = x. This means that for every disk of radius 6 centered at (0, 0), the disk 
will contain points (x, 0) on the x-axis where the value of the function is 0, and also points 
(x, x) along the line y = x where the value of the function is 1. So no matter how small we 
choose 6 as the radius of the disk in Figure 14.12, there will be points within the disk for 
which the function values differ by 1. Therefore, the limit cannot exist because we can 
take € to be any number less than | in the limit definition and deny that L = 0 or 1, or any 
other real number. The limit does not exist because we have different limiting values along 
different paths approaching the point (0, 0). im 


Continuity 


As with functions of a single variable, continuity is defined in terms of limits. 


DEFINITION A function f(x, y) is continuous at the point (xp, yo) if 


1. f is defined at (x, yo), 
2. lim f(x,y) exists, 


(x YC. Yo) 
3. lim f(x,y) = f(%, yo). 


(x, YJ > Qo: Yo) 


A function is continuous if it is continuous at every point of its domain. 


As with the definition of limit, the definition of continuity applies at boundary points 
as well as interior points of the domain of f. The only requirement is that each point (x, y) 
near (Xp, Yo) be in the domain of f. 

A consequence of Theorem | is that algebraic combinations of continuous functions 
are continuous at every point at which all the functions involved are defined. This means 
that sums, differences, constant multiples, products, quotients, and powers of continuous 
functions are continuous where defined. In particular, polynomials and rational functions 
of two variables are continuous at every point at which they are defined. 


EXAMPLE 5 Show that 


fon = dee FOO 


0, (x, y) = (0, 0) 
is continuous at every point except the origin (Figure 14.14). 


Solution The function f is continuous at any point (x, y) ¥ (0, 0) because its values are 
then given by a rational function of x and y and the limiting value is obtained by substitut- 
ing the values of x and y into the functional expression. 
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k=10 
k=3 
k=1 
x 
k=-0.1 
k=-1 


(b) 
FIGURE 14.15 (a) The graph of 
fQ, y) = 2x?y/(a4* + y). (b) Along each 
path y = kx? the value of f is constant, but 
varies with k (Example 6). 


At (0, 0), the value of f is defined, but f, we claim, has no limit as (x, y) — (0, 0). The 
reason is that different paths of approach to the origin can lead to different results, as we 
now see. 

For every value of m, the function f has a constant value on the “punctured” line 
y = mx, x # 0, because 


= 2x(mx) _ 2mx? _ 2m 
+ (mx P+ ex? LE 


2xy 
et y? 


f(% y) 


yrmx yrmx 


Therefore, f has this number as its limit as (x, y) approaches (0, 0) along the line: 


, : 2m 
lim xX,y)= lim x = a 
(x, y)>(0.0) FO, y) (x, y>(0.0) Ei ») | 1+ m 
along y=mx . 
This limit changes with each value of the slope m. There is therefore no single number we 
may call the limit of f as (x, y) approaches the origin. The limit fails to exist, and the func- 


tion is not continuous. |_| 


Examples 4 and 5 illustrate an important point about limits of functions of two or more 
variables. For a limit to exist at a point, the limit must be the same along every approach 
path. This result is analogous to the single-variable case where both the left- and right-sided 
limits had to have the same value. For functions of two or more variables, if we ever find 
paths with different limits, we know the function has no limit at the point they approach. 


Two-Path Test for Nonexistence of a Limit 


If a function f(x, y) has different limits along two different paths in the domain of 
f as (x, y) approaches (Xo, yo), then lim(, 5), »,) f@% y) does not exist. 


EXAMPLE 6 Show that the function 
2x*y 
xo + y 


f@y) = 
(Figure 14.15) has no limit as (x, y) approaches (0, 0). 


Solution The limit cannot be found by direct substitution, which gives the indeterminate 
form 0/0. We examine the values of f along parabolic curves that end at (0, 0). Along the 
curve y = kx’, x # 0, the function has the constant value 


_ 2(ke?) kt 
ae Ue PP ea a 


2x?y 
xt t y? 


f(y) | 
y=ke 


Therefore, 


: ‘ 2k 
1 y= 1 ; = : 
(x, 0,0) Fo y) (x, y(0,0) fe y) al 1+ k 
along y=k* 
This limit varies with the path of approach. If (x, y) approaches (0, 0) along the parabola 
y = x’, for instance, k = 1 and the limit is 1. If (x, y) approaches (0, 0) along the x-axis, 


k = 0 and the limit is 0. By the two-path test, f has no limit as (x, y) approaches (0, 0). 


It can be shown that the function in Example 6 has limit 0 along every path y = mx 
(Exercise 53). We conclude that 


Having the same limit along all straight lines approaching (x9, yo) does not imply 
a limit exists at (x9, yo). 


Exercises [a4 


Limits with Two Variables 


Find the limits in Exercises 1-12. 


3x7 - y+ 5 


(x9) 70,0) x° + yr + 2 


. x 
2. 1 — 
(x, 04) Vy 5. lim sec xtany 6. lim 
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Whenever it is correctly defined, the composite of continuous functions is also con- 
tinuous. The only requirement is that each function be continuous where it is applied. The 
proof, omitted here, is similar to that for functions of a single variable (Theorem 9 in Sec- 
tion 2.5). 


Continuity of Composites 

If f is continuous at (%, yo) and g is a single-variable function continuous at 
f (Xo. Yo), then the composite function h = g°f defined by h(x, y) = g(f(x, y)) 
is continuous at (Xo, yo). 


For example, the composite functions 


ee, cos 


are continuous at every point (x, y). 


Functions of More Than Two Variables 


The definitions of limit and continuity for functions of two variables and the conclusions 
about limits and continuity for sums, products, quotients, powers, and composites all 
extend to functions of three or more variables. Functions like 


y sin z 


In(@x + y + 2) and ead 


are continuous throughout their domains, and limits like 


ets e!-1 1 


lim = =, 
P>(1.0-1) z* + cos Vxy (-1° + cosO 2 


where P denotes the point (x, y, z), may be found by direct substitution. 


Extreme Values of Continuous Functions on Closed, Bounded Sets 


The Extreme Value Theorem (Theorem 1, Section 4.1) states that a function of a single 
variable that is continuous throughout a closed, bounded interval [ a, b] takes on an abso- 
lute maximum value and an absolute minimum value at least once in [ a, b]. The same 
holds true of a function z = f(x, y) that is continuous on a closed, bounded set R in the 
plane (like a line segment, a disk, or a filled-in triangle). The function takes on an absolute 
maximum value at some point in R and an absolute minimum value at some point in R. 
The function may take on a maximum or minimum value more than once over R. 

Similar results hold for functions of three or more variables. A continuous function 
w = f(x, y, z), for example, must take on absolute maximum and minimum values on any 
closed, bounded set (solid ball or cube, spherical shell, rectangular solid) on which it is 
defined. We will learn how to find these extreme values in Section 14.7. 


2 
3. lim Vxr+y?- 1 4. lim (; + ;) 
(x, yy, -3) 


(x, y>G.4) 
x2 + y? 


COS —.. a. a 
> O,7/4) @y)?O0 «xtyt l 
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7. lm e- 8. lim In|1 + x y?| Continuity for Three Variables 
(yy >@,ln 2) @ yd.) At what points (x, y, z) in space are the functions in Exercises 35-40 
J gj continuous? 
9 lim 2Sn+ 10. lim, | cosW xy 
(x, 0,0) (x, 1/27, 7) 35. a. fy, 2) = 2? + y? — 22? 
. xsiny . cosy + 1 bh fay2=Ve+ y= 1 
11. lim Seca 12. lim a ae 
(x.y, 7/6) x? + 1 (x y)>(7/2,0) Y — SIN x 36. a. f(x, y, z) = Inxyz b. f(x, y, z) = e** cos z 
Limits of Quotients 37. a. h(x, y, 2) = xy sin 4 b. h(x, y, 2) = = - 
Find the limits in Exercises 13—24 by rewriting the fractions first. a 
; = ty + y : x — y* 38. a. h(x, y, z) = ———_ b. A, y, 2) = ——_ 
13. cee x-y 14. eee x—y ly] + [z| [xy] + [z| 
aed Ay 39. a. h(x, y, z) = In(z — x7 — y - 1) 
: xy ~y— Wx t+ 2 
6. tn, = b. h(x, y, 2) = ! 
YO) Fe 2- Ver y 
y+4 40. a. h(x, y, z) 4-7-y- 27 
TY gu gee ty 2 Ax? — 4, 1 
yr) xy — xy + 4x” — Ax b. A(x, y, z) 
x#—-4, x#x ) ye Zz 9 
x -y t2Vx - 2Vy 
WT, at.) Vay No Limit Exists at the Origin 
xy By considering different paths of approach, show that the functions in 
18 i cep 4 19 i V2x — y = 9: Exercises 41-48 have no limit as (x, y) — (0, 0). 
5 i: . in ~~ 4 
(2,2) V/ 2 (2,0) 2x —y — 4 = x _ _* 
eral Ye a 7 phe il FO. ») ~ Vx2 + y? a Fl, y) ~ xt + y? 
Vx - Vyti1 
20. lim =—_—_—_ 
@y>43) x7 y7 1 
x#ytl 
sin (x? + y? 1 — cos 
21. lim alee 2 2. i= 
(x. y)>0,0) x? + y? (, y>0.0) ed 
3 + ys 
23. lim - 24. lim 
(yPUd-l) XT y ( y)(2,2) x4 — y4 , : 
43. f(x,y) = ——5 44. fy) = 
Limits with Three Variables + a Age Cae |xy| 
Find the limits in Exercises 25-30. 5 
Qxy + yz 45. g(x,y) = —— 46. g(x,y) = = 
» g(x,y) = . i) = a 
25. ln | Paoee 6. Ti. cae 2S ee ee 
P34) \% Yo fz Pod-l-l) x2 + 2 
ikea? re Ce ee 
: +42 2 2 . AX y) = . Ax, y) = = 
27. —. (sin- x + cos“ y + sec* z) y ¢+y 
i = : —2y 
= pee er re Ne sa aot 0,3) Be eer Theory and Examples 
30. ities nyerye ee In Exercises 49 and 50, show that the limits do not exist. 
P>(2, -3,6) xy 1 xy+1 
49. lim 4 50. im: . => 
Continuity for Two Variables GY) Y ee 
At what points (x, y) in the plane are the functions in Exercises 31-34 1 y2=xt 
continuous? 51. Let f,y)=¢1, y <0 
31. a. f(x,y) = sin(x + y) b. f(x,y) = In (x? + y?) 0, otherwise. 
_x* +y = uy Find each of the following limits, or explain that the limit does 
32. a. fo) = x= y¥ b. IO = ag not exist. 
. ii 
33, a. g(xy) = sin 5 b. guy) = 50 carton 
. a g(x,y) = sin = . gx y) = 5 
xy 2+ cosx b. lim f(x,y) 
(, y) 2,3) 
x ty’ : 
= = Cc. lim Xs 
34. a. g(x, y) = p= 3x +2 b. g(x, y) = gs (x, y) (0,0) F¢ y) 


52. Let f( ey oe 
nae aera ?, x< 0° 
Find the following limits. 


a. lim f(x, y) 


& y)7G, 2 


b. FO, y) 


lim 
@ y)>C2, 1) 
. ii ; 
. G, 0.0) FO, y) 
53. Show that the function in Example 6 has limit 0 along every 
straight line approaching (0, 0). 


54. If f(x, yo) = 3, what can you say about 


lim f(x, y) 


(x, yo Yo) 


if f is continuous at (x, yo)? If f is not continuous at (x, yo)? 
Give reasons for your answers. 
The Sandwich Theorem for functions of two variables states that if 
g(x,y) = f(x, y) = A(x, y) for all (x, y) ¥ (%, yo) in a disk centered 
at (Xp, Yo) and if g and h have the same finite limit L as (x, y) > (%, Yo). 
then 


lim f@ay=L. 


(x, YY > @o Yo) 


Use this result to support your answers to the questions in Exercises 
55-58. 


55. Does knowing that 


xy? tan! xy 
1 3 wl 1 
tell you anything about 
=I 
tant xy 


im 
(&y)00) 


Give reasons for your answer. 


56. Does knowing that 


Daye 


x 
2|xy| — “<4 - 4 cos V|xy| < 2|x9| 


tell you anything about 


4 — 4cos V|xy| 


nm = S 
(9.0) |xy| 


Give reasons for your answer. 


57. Does knowing that |sin (1/x)| < 1 tell you anything about 
lim sin 1, 
(9200.0) 
Give reasons for your answer. 


58. Does knowing that |cos (1/y)| < 1 tell you anything about 


' 1 
lim xcos>;? 
(, y>-0.0) y 


Give reasons for your answer. 
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59. (Continuation of Example 5.) 


a. Reread Example 5. Then substitute m = tan 6 into the formula 


fay} = 


yom OL tr? 
and simplify the result to show how the value of f varies with 
the line’s angle of inclination. 


b. Use the formula you obtained in part (a) to show that the limit 
of f as (x, y) > (0, 0) along the line y = mx varies from —1 
to 1 depending on the angle of approach. 


60. Continuous extension Define f(0, 0) in a way that extends 
ey 


r+ y 


f(x, y) = xy 


to be continuous at the origin. 


Changing Variables to Polar Coordinates 
If you cannot make any headway with lim¢, 0,0) f(x, y) im rectan- 
gular coordinates, try changing to polar coordinates. Substitute 
x = rcos0,y = rsin@, and investigate the limit of the resulting 
expression as r— 0. In other words, try to decide whether there exists 
a number L satisfying the following criterion: 

Given e€ > 0, there exists a 6 > O such that for all r and 6, 


|r| <6 > [f(r, 0) — L| <e. (1) 


If such an L exists, then 


(x, ie) f% y) = lim f(r cos 6, rsin 0) = L. 


For instance, 


3 r cos? 6 


lim 5 5 = lim 5 = lim rcos* 6 = 0. 
(x, y) (0,0) x7 Fy r>0 r r>0 


To verify the last of these equalities, we need to show that Equation 
(1) is satisfied with f(r, 0) = rcos? 6 and L = 0. That is, we need to 
show that given any e€ > 0, there exists a 6 > 0 such that for all r 
and 0, 

lr} <6 = |rcos?@—-0| <e. 
Since 


|r cos? @| = |r||cos* @| = |r| +1 = |r 


the implication holds for all r and @ if we take 6 = e. 
In contrast, 


2 Bis 20: 
x r- cos 8 
= = cos* 0 


x2 + y? r 


takes on all values from 0 to | regardless of how small |r| is, so that 
lim, yy >@,0) X°/ (2? + y?) does not exist. 

In each of these instances, the existence or nonexistence of the 
limit as r— 0 is fairly clear. Shifting to polar coordinates does not 
always help, however, and may even tempt us to false conclusions. 
For example, the limit may exist along every straight line (or ray) 
@ = constant and yet fail to exist in the broader sense. Example 5 
illustrates this point. In polar coordinates, f(x, y) = (2x2y)/(x* + y?) 
becomes 


r cos 9 sin 20 
r? cost @ + sin? @ 


f(r cos 0, r sin @) = 
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for r 0. If we hold @ constant and let r— 0, the limit is 0. On the 
path y = x*, however, we have r sin @ = r? cos” @ and 


Using the Limit Definition 
Each of Exercises 69-74 gives a function f(x, y) and a positive number e. 
In each exercise, show that there exists a 6 > O such that for all (x, y), 


r cos @ sin 20 


f(r cos 0, r sin @) = 


r? cost @ + (rcos? 0)” 


VP ty <8 = [fy — f0,0|<e. 


9. =x4+¥ = 0.01 
_ 2rcos*@sin@ _ rsin@ Oe I =e A emp 
2r? cos* 0 r2 cos? 6 70. f(x,y) = y/(? + 1), © = 0.05 
71. f(x,y) = («+ y)/Q? + 1), € = 0.01 
In Exercises 61-66, find the limit of f as (x, y) — (0, 0) or show that 72. f(x,y) = (« + y)/(2 + cosx), € = 0.02 
the limit does not exist. on 
= xy? ey 73. fay = 3 = 5 and f(0,0) = 0, € = 0.04 
61. fay) = saa 62. f(x,y) = cos | > a x y 
Koay x+y 3 4 
Pees 
re 5 74. fx y= 3 2 and f(0,0) = 0, € = 0.02 
x ar y 
63. 9) = aa 4. f= STI wy 
y y Each of Exercises 75-78 gives a function f(x, y, z) and a positive 
| x| ath | y| number e. In each exercise, show that there exists a 6 > O such that 
65. f(x, y) = tan! (==>) for all (x, y, z), 
x“ 4ry 
ae VP t+y+27<6 = |fxy2 — £0,0,0)| <e. 
= 
66. f(x,y) = 2ay 75. fxyj=eP+y+2, € = 0.015 
. 76. f(x,y, Z) = xyz, € = 0.008 
In Exercises 67 and 68, define f(0, 0) in a way that extends f to be te Sok 
tinuous at the origin 77. f(x,y, 2 = a e = 0.015 
con C= ok : i ety+ 2st.’ 
67. f(x,y) = In (= = : 3 ) 78. f(x, y, 2) = tan’ x + tam’ y + tan?z, € = 0.03 
wy 79. Show that f(x, y,z) = x + y — z is continuous at every point 
3x°y (X90, Yo» Zo) 
68. f(x,y) = =—> nue a. iv 
x+y 80. Show that f(x, y, z) = x? + y? + z* is continuous at the origin. 


14.3 Partial Derivatives 


The calculus of several variables is similar to single-variable calculus applied to several 
variables one at a time. When we hold all but one of the independent variables of a func- 
tion constant and differentiate with respect to that one variable, we get a “partial” deriva- 
tive. This section shows how partial derivatives are defined and interpreted geometrically, 
and how to calculate them by applying the rules for differentiating functions of a single 
variable. The idea of differentiability for functions of several variables requires more than 
the existence of the partial derivatives because a point can be approached from so many 
different directions. However, we will see that differentiable functions of several variables 
behave in the same way as differentiable single-variable functions, so they are continuous 
and can be well approximated by linear functions. 


Partial Derivatives of a Function of Two Variables 


If (Xp, Yo) iS a point in the domain of a function f(x, y), the vertical plane y = yo will cut 
the surface z = f(x, y) inthe curve z = f(x, yo) (Figure 14.16). This curve is the graph of the 
function z = f(x, yo) in the plane y = yg. The horizontal coordinate in this plane is x; the 
vertical coordinate is z. The y-value is held constant at yo, so y is not a variable. 

We define the partial derivative of f with respect to x at the point (x, yo) as the ordi- 
nary derivative of f(x, yo) with respect to x at the point x = x9. To distinguish partial 
derivatives from ordinary derivatives we use the symbol d rather than the d previously 
used. In the definition, / represents a real number, positive or negative. 
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>N 


a Vertical axis in 
| _ 
the plane y = yo 


P(Xo; Yo: f(X0, Yo) 


z= fx y) 
The curve z = f(x, yo) ‘4 
in the plane y = yg 


Tangent line »” 


(xo, Yo) y 


(xp + h, yo) 
Horizontal axis in the plane y = yp 
FIGURE 14.16 The intersection of the plane y = yo 


with the surface z = f(x, y), viewed from above the first 
quadrant of the xy-plane. 


DEFINITION The partial derivative of f(x,y) with respect to x at the point 
(Xo, Yo) is 


of _ £% + A, yo) — FO. Yo) 
= lim ; 
ax (Xo; Yo) AO h 


provided the limit exists. 


An equivalent expression for the partial derivative is 


RCO] 


=x 

The slope of the curve z = f(x, yo) at the point P(xg, yo, f(%, Yo)) in the plane y = yy 
is the value of the partial derivative of f with respect to x at (xp, yo). (In Figure 14.16 this 
slope is negative.) The tangent line to the curve at P is the line in the plane y = yp that 
passes through P with this slope. The partial derivative of /dx at (xp, yo) gives the rate of 
change of f with respect to x when y is held fixed at the value yp. 

We use several notations for the partial derivative: 

0 
a C90) OFF Y0» el sand fe oF z,,00 &. 
Xo» Yo. 

The definition of the partial derivative of f(x, y) with respect to y at a point (x, yo) is 
similar to the definition of the partial derivative of f with respect to x. We hold x fixed at 
the value xy and take the ordinary derivative of f(xp, y) with respect to y at yo. 


DEFINITION The partial derivative of f(x,y) with respect to y at the point 


(X05 Yo) is 
a8 ge, iy 
yy (Xo. Yo) dy oe Y=Yo h—0 h 


provided the limit exists. 
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Vertical axis 
in the plane 
x =X 


Tangent line 
P(X, Yo» fXo» Yo) 


z= fix, y) 


(xo, Yo + A) 


\ 


Horizontal axis 
in the plane x = xg 


The curve z = f(xo, y) 
in the plane 
x = Xo 
FIGURE 14.17 The intersection of the 
plane x = xp with the surface z = f(x, y), 
viewed from above the first quadrant of 
the xy-plane. 


The slope of the curve z = f(x, y) at the point P(x, yo, f(xo, yo)) in the vertical 
plane x = xo (Figure 14.17) is the partial derivative of f with respect to y at (Xp, yo). The 
tangent line to the curve at P is the line in the plane x = xp that passes through P with this 
slope. The partial derivative gives the rate of change of f with respect to y at (%, yo) when 
x is held fixed at the value x9. 

The partial derivative with respect to y is denoted the same way as the partial deriva- 
tive with respect to x: 
af 


aa i 


of 
dy (Xo; Yo)» fyQo; Yo)s ay 


Notice that we now have two tangent lines associated with the surface z = f(x, y) at 
the point P(%, yo, fo, Yo)) (Figure 14.18). Is the plane they determine tangent to the sur- 
face at P? We will see that it is for the differentiable functions defined at the end of this 
section, and we will learn how to find the tangent plane in Section 14.6. First we have to 
learn more about partial derivatives themselves. 


zZ 


This tangent line 


P 
has slope f,(xo, Yo)- (Xo: Yoo A%0 Yo)) | 


This tangent line 
has slope f,(%p, Yo)- 


The curve z = fix, y) 
in the plane x = xp The curve z = f(x, yo) 


in the plane y = yg 


z= fx, y) 


= Yo X =Xo 


(Xo; Yo) y 


FIGURE 14.18 Figures 14.16 and 14.17 combined. The tangent 
lines at the point (%, Yo, f(Xo, Yo)) determine a plane that, in this 
picture at least, appears to be tangent to the surface. 


Calculations 


The definitions of of /dx and of /dy give us two different ways of differentiating f at a 
point: with respect to x in the usual way while treating y as a constant and with respect to y 
in the usual way while treating x as a constant. As the following examples show, the values 
of these partial derivatives are usually different at a given point (Xo, yo). 


EXAMPLE 1 Find the values of df /dx and of /dy at the point (4, —5) if 


fy) =x 4+ 3xyty- 1. 
Solution To find of /dx, we treat y as a constant and differentiate with respect to x: 


of 8 
Ox Ox 


The value of df /dx at (4, —5) is 2(4) + 3(-5) = —7. 


(x? + 3xy + y — 1) = 2x + 3-1l-y+0-0 = 2x 4 3y. 
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To find of /dy, we treat x as a constant and differentiate with respect to y: 


a aps [ 7 
a + 3xy+ y-1) =04+3-x-14+1-0=3x41. 


The value of of /dy at (4, —5) is 3(4) + 1 = 13. 


EXAMPLE 2 Find of /dy as a function if f(x, y) = y sin xy. 


Solution We treat x as a constant and f as a product of y and sin xy: 


Y 2 Gein) = yp 2 sinay + Ging) 20) 
By — ay 0 Siny) = yay sinxy + (sin xy) 5 CY 


= (y cos xy) . (xy) + sin xy = xy cos xy + sin xy. 
EXAMPLE 3 Find f, and f, as functions if 


2y 
y + cos x" 


fay) = 


Solution We treat f as a quotient. With y held constant, we get 


0 0 
s( 2y ) (y + cos x) 5. (2y) — 2y5-(y + cos x) 


fe he y + cosx (y + cos x)? 


_ (y + cos x)(0) — 2y-sinx)  —-. 2y sinx 


(y + cos x)? (y + cos x)?” 


With x held constant, we get 


0 0 
r 2y ) 7 (y + cos x) ay (2y) care (y + cos x) 


fy = gy y + cos x (y + cos x)? 
= (y + cos x)(2) — 2y(1) _,  2eos.x 
(y + cos x)? (y + cos x)?’ 
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Implicit differentiation works for partial derivatives the way it works for ordinary 


derivatives, as the next example illustrates. 


EXAMPLE 4 Find 0z/dx if the equation 


ye-Inz=xt+y 


defines z as a function of the two independent variables x and y and the partial derivative 


exists. 


Solution We differentiate both sides of the equation with respect to x, holding y constant 


and treating z as a differentiable function of x: 


f) f) ax , oy 

ax 2) ee ae” Oe 
With y constant, 
a Lon =e 
x e ax 08 ~ Vay: 

1\oz _ 
(-)S= 
Oz Zz 
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Surface 
L= e+ y? 
R se oa Tangent 
adel =7\ line 


FIGURE 14.19 The tangent to the curve 
of intersection of the plane x = 1 and 
surface z = x7 + y? at the point (1, 2, 5) 
(Example 5). 


R, 
Ry 
AV AAVANG 
| R, 


ay 


FIGURE 14.20 Resistors arranged this 
way are said to be connected in parallel 


(Example 7). Each resistor lets a portion 
of the current through. Their equivalent 
resistance R is calculated with the formula 


1 


1 


al 


1 1 
i a, 


EXAMPLE 5 The plane x = 1 intersects the paraboloid z = x* + y* in a parabola. 
Find the slope of the tangent to the parabola at (1, 2, 5) (Figure 14.19). 


Solution The slope is the value of the partial derivative dz/dy at (1, 2): 


az 
dy 


_ 9 2 2 


2y 2(2) = 4. 


(1,2) (1,2) (1,2) 


As a check, we can treat the parabola as the graph of the single-variable function 
z= (1? + y = 1+ y? in the plane x = 1 and ask for the slope at y = 2. The slope, 
calculated now as an ordinary derivative, is 


=. 2 


S 
Il 
N 


y=2 


Functions of More Than Two Variables 


The definitions of the partial derivatives of functions of more than two independent vari- 
ables are like the definitions for functions of two variables. They are ordinary derivatives 
with respect to one variable, taken while the other independent variables are held constant. 


EXAMPLE 6 If x, y, and z are independent variables and 
f(x, y, z) = x sin (y + 32), 
then 
) 
a = . [x sin (y + 3z)] = x2 sin (y + 3z) 
= xcos(y + 32) o(y + 3z) = 3xcos (y + 32). | 
EXAMPLE 7 If resistors of R,, R), and R; ohms are connected in parallel to make an 


R-ohm resistor, the value of R can be found from the equation 


a ee | 
RoR’ Rt 


R, R; 
(Figure 14.20). Find the value of dR/dR, when R, = 30, R, = 45, and R; = 90 ohms. 


Solution To find dR/dR;, we treat R, and R; as constants and, using implicit differentia- 
tion, differentiate both sides of the equation with respect to R;: 


a7ft\. @f1, 14 «4 
aR) (t) aR) (4 "he +2) 


1 aR I 
Rak, 9 p2* 
aR 


- 


FIGURE 14.21 The graph of 


0, xy #0 


FG y) = i a0 


consists of the lines L, and L and the 
four open quadrants of the xy-plane. The 
function has partial derivatives at the 
origin but is not continuous there 
(Example 8). 
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so R = 15 and 


mm (15) fi 4 

OR, 45 3 9° 
Thus at the given values, a small change in the resistance R, leads to a change in R about 
1/9th as large. | 


Partial Derivatives and Continuity 


A function f(x, y) can have partial derivatives with respect to both x and y at a point with- 
out the function being continuous there. This is different from functions of a single vari- 
able, where the existence of a derivative implies continuity. If the partial derivatives of 
f(x, y) exist and are continuous throughout a disk centered at (%, yo), however, then f is 
continuous at (x9, yo), aS we see at the end of this section. 


EXAMPLE 8 Let 
_ JO, x #0 
fy) = i" 20 


(Figure 14.21). 
(a) Find the limit of f as (x, y) approaches (0, 0) along the line y = x. 


(b) Prove that f is not continuous at the origin. 
(c) Show that both partial derivatives of /dx and df /dy exist at the origin. 


Solution 


(a) Since f(x, y) is constantly zero along the line y = x (except at the origin), we have 


1 lim 
(x, y) (0,0) = (x, y) (0,0) 


=x 


lim f(x, y) = 


(b) Since f(0, 0) = 1, the limit in part (a) proves that f is not continuous at (0, 0). 

(c) To find of /dx at (0, 0), we hold y fixed at y = 0. Then f(x, y) = 1 for all x, and the 
graph of f is the line L, in Figure 14.21. The slope of this line at any x is of /ax = 0. 
In particular, df /ax = 0 at (0, 0). Similarly, df /dy is the slope of line L, at any y, so 
of /dy = 0 at (0, 0). | 


Example 8 notwithstanding, it is still true in higher dimensions that differentiability at 
a point implies continuity. What Example 8 suggests is that we need a stronger require- 
ment for differentiability in higher dimensions than the mere existence of the partial 
derivatives. We define differentiability for functions of two variables (which is slightly 
more complicated than for single-variable functions) at the end of this section and then 
revisit the connection to continuity. 


Second-Order Partial Derivatives 


When we differentiate a function f(x, y) twice, we produce its second-order derivatives. 
These derivatives are usually denoted by 


of of 
a? or fy, ay? or fhy, 
of of 


axdy or f,,, and aya or fry. 
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HISTORICAL BIOGRAPHY 
Pierre-Simon Laplace 


(1749-1827) 


The order in which partial derivatives 
are taken can sometimes lead to 


different results. 


HISTORICAL BIOGRAPHY 
Alexis Clairaut 


(1713-1765) 


The defining equations are 
arf _ a (af rf _ a (af 
a2 ax \ax J’ axdy ax \ dy)’ 
and so on. Notice the order in which the mixed partial derivatives are taken: 


a’f 
oxdy 


Differentiate first with respect to y, then with respect to x. 


fox = fy) Means the same thing. 


EXAMPLE 9 If f(x, y) = xcos y + ye*, find the second-order derivatives 
af af a’f a’f 


0x2’ oyox’ ay? , and oxdy’ 


Solution The first step is to calculate both first partial derivatives. 


af 9 ; of _ a ‘ 
ay ay OOS + yer) ye ge Ie 
= cosy + ye* =-xsiny + e 


Now we find both partial derivatives of each first partial: 


rf _ a (af : af _ a (af . 

dyax dy (# i ae axdy  ax\ay) Sy ee 

rf a(ff\ _, arf a (of\ _ 

a2 oe Von) ye. ay? = ay Lay} ~ —Xx COS y. i 


The Mixed Derivative Theorem 


You may have noticed that the “mixed” second-order partial derivatives 


a’f 4 a°f 

oyox sis oxdy 
in Example 9 are equal. This is not a coincidence. They must be equal whenever 
f. fxs fy> fry, and fy, are continuous, as stated in the following theorem. However, the 


mixed derivatives can be different when the continuity conditions are not satisfied (see 
Exercise 72). 


THEOREM 2—The Mixed Derivative Theorem If f(x, y) and its partial derivatives 
fur fy» fry, and f\, are defined throughout an open region containing a point (a, b) 
and are all continuous at (a, b), then 


fay(@, b) = fyx(a, b). 


Theorem 2 is also known as Clairaut’s Theorem, named after the French mathemati- 
cian Alexis Clairaut, who discovered it. A proof is given in Appendix 9. Theorem 2 says 
that to calculate a mixed second-order derivative, we may differentiate in either order, 
provided the continuity conditions are satisfied. This ability to proceed in different order 
sometimes simplifies our calculations. 


EXAMPLE 10 Find 0?w/axay if 


y+ 


w=xyt 
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Solution The symbol d?w/daxdy tells us to differentiate first with respect to y and then 
with respect to x. However, if we interchange the order of differentiation and differentiate 
first with respect to x we get the answer more quickly. In two steps, 

rw _ 


OW WW i 
Oyox 


ae and 
If we differentiate first with respect to y, we obtain 0?w/dxdy = 1 as well. We can differen- 
tiate in either order because the conditions of Theorem 2 hold for w at all points (x9, yo). 


Partial Derivatives of Still Higher Order 


Although we will deal mostly with first- and second-order partial derivatives, because 
these appear the most frequently in applications, there is no theoretical limit to how many 
times we can differentiate a function as long as the derivatives involved exist. Thus, we get 
third- and fourth-order derivatives denoted by symbols like 


arf 
axdy* 7 fy a 
af 
ax?ay? =, yyax? 


and so on. As with second-order derivatives, the order of differentiation is immaterial as 
long as all the derivatives through the order in question are continuous. 


EXAMPLE 11 Find fy. if f@, y, 2) = 1 — Qxy?z + xy. 


Solution We first differentiate with respect to the variable y, then x, then y again, and 
finally with respect to z: 


fy = —4xyz + x? 
foxy = ~4yz + 2x 
Fray = —4Z 
foxy, = 4. Oo 


Differentiability 


The concept of differentiability for functions of several variables is more complicated than 
for single-variable functions because a point in the domain can be approached along more 
than one path. In defining the partial derivatives for a function of two variables, we inter- 
sected the surface of the graph with vertical planes parallel to the xz- and yz-planes, creat- 
ing a curve on each plane, called a trace. The partial derivatives were seen as the slopes of 
the two tangent lines to these trace curves at the point on the surface corresponding to the 
point (x9, yo) being approached in the domain. (See Figure 14.18.) For a differentiable 
function, it would seem reasonable to assume that if we were to rotate slightly one of these 
vertical planes, keeping it vertical but no longer parallel to its coordinate plane, then a 
smooth trace curve would appear on that plane that would have a tangent line at the point 
on the surface having a slope differing just slightly from what it was before (when the 
plane was parallel to its coordinate plane). However, the mere existence of the original 
partial derivative does not guarantee that result. For example, the surface might have a “fis- 
sure” in the direction of the new plane, so the trace curve is not even continuous at (xp, Yo), 
let alone having a tangent line at the corresponding point on the curve. Just as having a limit 
in the x- and y-coordinate directions does not imply the function itself has a limit at (%, yo), 
as we see in Figure 14.21, so is it the case that the existence of both partial derivatives is 
not enough by itself to ensure derivatives exist for trace curves in other vertical planes. 
For the existence of differentiability, a property is needed to ensure that no abrupt change 
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occurs in the function resulting from small changes in the independent variables along any 
path approaching (x, yo), paths along which both variables x and y are allowed to change, 
rather than just one of them at a time. We saw a way of thinking about the change in a 
function in Section 3.11. 

In our study of functions of a single variable, we found that if a function y = f(x) is 
differentiable at x = xo, then the change Ay resulting in the change of x from 
Xo to x) + Ax is close to the change AL along the tangent line (or linear approximation L 
of the function f at x9). That is, from Equation (1) in Section 3.11, 


Ay = f'(%)Ax + €Ax 


in which e > 0 as Ax — 0. The extension of this result is what we use to define differen- 
tiability for functions of two variables. 


DEFINITION A function z = f(x, y) is differentiable at (xp, yo) if f(x, yo) and 
f,@o» Yo) exist and Az satisfies an equation of the form 


Az = f,%, YW)Ax + fo, WAY + €;Ax + € Ay 


in which each of €,, €) > 0 as both Ax, Ay — 0. We call f differentiable if it is 
differentiable at every point in its domain, and say that its graph is a smooth surface. 


The following theorem (proved in Appendix 9) and its accompanying corollary tell us 
that functions with continuous first partial derivatives at (xo, yo) are differentiable there, 
and they are closely approximated locally by a linear function. We study this approxima- 
tion in Section 14.6. 


THEOREM 3—The Increment Theorem for Functions of Two Variables Suppose 
that the first partial derivatives of f(x, y) are defined throughout an open region 
R containing the point (x, yo) and that f, and f, are continuous at (x9, Yo). Then 
the change 


Az = f(Q% + Ax, ¥ + Ay) — f(x, yo) 


in the value of f that results from moving from (x, yo) to another point 
(x) + Ax, yo + Ay) in R satisfies an equation of the form 


Az = fxQ%, WAX + fi(%0, Yo)AY + €;Ax + E,Ay 


in which each of €;, €: 0 as both Ax, Ay > 0. 


COROLLARY OF THEOREM 3 If the partial derivatives f, and f, of a function 
f(x, y) are continuous throughout an open region R, then f is differentiable at 
every point of R. 


If z = f(x, y) is differentiable, then the definition of differentiability ensures that 
Az = f(x + Ax, yop + Ay) — f(x, Yo) approaches 0 as Ax and Ay approach 0. This tells 
us that a function of two variables is continuous at every point where it is differentiable. 


THEOREM 4—Differentiability Implies Continuity If a function f(x, y) is dif- 
ferentiable at (xo, yo), then f is continuous at (x9, yo). 
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As we can see from Corollary 3 and Theorem 4, a function f(x, y) must be continuous at a 
point (xp, yo) if f, and f, are continuous throughout an open region containing (X9, yo). 
Remember, however, that it is still possible for a function of two variables to be discon- 
tinuous at a point where its first partial derivatives exist, as we saw in Example 8. Exis- 
tence alone of the partial derivatives at that point is not enough, but continuity of the par- 
tial derivatives guarantees differentiability. 


Exercises 


Calculating First-Order Partial Derivatives 
In Exercises 1-22, find df /dx and df /dy. 


1. f@sy) = 2x? = By — 4 2. f%y=P-xwt+y 


f= = DOs 

4. f(x,y) = 5xy — 7x? — y? + 3x — 6y + 2 

5. {9 = Gy — 1P 6. fy) = (x — 3yp 

7. {G9 = Vax + ¥ 8. f(x,y) = (3 + (9/2)? 
9. fy) = 1/@ + y) 10. f@,y) = 2/2 +”) 
11. f(x,y) = @& + y)/@y — 1) 12. fy) = tan (y/x) 

13. f(x,y) = etd 14. f(x,y) = e* sin (x + y) 
15. f(x,y) = In@ + y) 16. f(x, y) = e*Iny 

17. f(x, y) = sin? (x — 3y) 18. f(x, y) = cos? (3x — y?) 
19. f(x,y) = x” 20. f(x,y) = log, x 


21. fay) = i g(t) dt (g continuous for all r) 


00 


22. f(x,y) = 


n= 


Gy)" (jxy| < D 
0 


In Exercises 23-34, find f,, f,, and f,. 
23. f(x,y, 2) = 1 + xy’ — 22° 

24, f(x,y, 2) = xy + ye + xz 

25. f(xy D=x- Vy +2 

26. fay J=W@ty+ 2)? 
27. f(x,y, z) = sin! (xyz) 

28. f(x,y, z) = sec! (x + yz) 

29. f(x,y, Zz) = In(x + 2y + 3z) 

30. f(x, y, z) = yz In (xy) 

31. fi, yz) = ee ty te) 

32. f(x,y, Zz) = er 

33. f(x,y, z) = tanh (x + 2y + 3z) 
34. f(x, y, z) = sinh (xy — 2’) 

In Exercises 35-40, find the partial derivative of the function with 
respect to each variable. 

35. f(t, a) = cos (27t — a) 

36. g(u, v) = ve!) 

37. h(p, b, 0) = psin d cos 6 

38. g(r, 0, z) = rd — cos @) — z 


39. Work done by the heart (Section 3.11, Exercise 61) 


2: 
W(P, V, 8, v, g) = PV + Oe 


40. Wilson lot size formula (Section 4.6, Exercise 53) 


h 
A(c, h, k, m, q) = st + com + a 


Calculating Second-Order Partial Derivatives 
Find all the second-order partial derivatives of the functions in Exer- 
cises 41-50. 


4. fay) =xt+yt+ xy 
43. 9(x,y) = x°y + cosy + ysinx 

44. hx, y) = xe +y +1 45. r(x, y) = In(@x + y) 
46. s(x, y) = tan! (y/x) 47. w = x? tan (xy) 


5 


42. f(x,y) = sinxy 


48. w = yevY 49. w = xsin (x’y) 
x—y 

50. w= ee 
ory 


Mixed Partial Derivatives 
In Exercises 51-54, verify that wy, = Wy,. 


51. w = In (2x + 3y) 
53. w = xy? + xy? + xyt 


ll 


52. w=e’+xIny + yinx 


54. w = xsiny + ysinx + xy 
55. Which order of differentiation will calculate f,, faster: x first or y 
first? Try to answer without writing anything down. 


a. f(x,y) = xsiny + e& 


b. f(x,y) = 1/x 

c. f(x,y) = y + («/y) 

d. f(x,y) = y + x*y + 4y3 — In(y? + 1) 
e. f(x,y) = x7 + 5xy + sinx + Te* 


f. f(x,y) = x Inxy 

56. The fifth-order partial derivative °f /dx*dy? is zero for each of the 
following functions. To show this as quickly as possible, which 
variable would you differentiate with respect to first: x or y? 
Try to answer without writing anything down. 
a. f(x,y) = y'xte* + 2 
b. f(x,y) = y? + y(sinx — x+) 
c. f(x,y) = x 
d. f(x,y) = xe"? 


Sxy + sinx + 7e* 
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Using the Partial Derivative Definition 
In Exercises 57-60, use the limit definition of partial derivative to 
compute the partial derivatives of the functions at the specified points. 


57. f(x,y) =1—x+y-— 3x’y, a and a at (1, 2) 
> of of 
58. f(x,y) = 4 + 2x — 3y — xy”, ax and ay at (—2, 1) 
of of 
59. f(x,y) = V2x + 3y — 1, ay and i at (—2, 3) 
sin (x3 + y*) 
fay=y erp 7 SFO” 
60. 
0, (x, y) = (0, 0), 
e and > at (0, 0) 


61. Let f(x, y) = 2x + 3y — 4. Find the slope of the line tangent to 
this surface at the point (2,—1) and lying in the a. plane x = 2 
b. plane y = —1. 


62. Let f(x, y) = x? + y%. Find the slope of the line tangent to this 
surface at the point (—1, 1) and lying in the a. plane x = —1 
b. plane y = 1. 

63. Three variables Let w = f(x, y, z) be a function of three inde- 
pendent variables and write the formal definition of the partial 
derivative df /dz at (x9, Yo, Zo). Use this definition to find of /dz at 
(1, 2, 3) for f(x, y, z) = xyz. 

64. Three variables Let w = f(x, y, z) be a function of three inde- 
pendent variables and write the formal definition of the partial 
derivative df /dy at (x9, yo, Z). Use this definition to find af /dy at 
(—1, 0, 3) for f(x, y, z) = —2xy? + yz. 


Differentiating Implicitly 
65. Find the value of dz/dx at the point (1, 1, 1) if the equation 
xy + 3x — 2yz = 0 
defines z as a function of the two independent variables x and y 
and the partial derivative exists. 
66. Find the value of ax/dz at the point (1, —1, —3) if the equation 


xz +t yInx-x?+4=0 


defines x as a function of the two independent variables y and z 
and the partial derivative exists. 


Exercises 67 and 68 are about the triangle shown here. 


67. Express A implicitly as a function of a, b, and c and calculate 
0A /da and dA /db. 


68. Express a implicitly as a function of A, b, and B and calculate 
da/dA and da/dB. 


69. Two dependent variables Express v, in terms of u and y if the 
equations x = vInu and y = u Inv define uw and v as functions 
of the independent variables x and y, and if v, exists. (Hint: Dif- 
ferentiate both equations with respect to x and solve for uv, by 
eliminating u,.) 


70. 


Two dependent variables Find dx/du and dy/du if the equa- 
? — y? and v = x* — y define x and y as functions of 
the independent variables u and v, and the partial derivatives 
exist. (See the hint in Exercise 69.) Then let s = x? + y? and find 
ds /du. 


tions u = x 


Theory and Examples 


71. 


72. 


y, y20 
Let f(x,y) = i ZU: 
Find f,, f\. fx, and f,,, and state the domain for each partial 
derivative. , 
' 2 y2 
Let fy) = 40° 2 + 
0, if (x, y) = 0. 


if (x, y) € 0, 


te) 0. 
a. Show that 2 (x, 0) = x for all x, and Fo, y) = —y for all y. 


of of 
b. Show that iyax (0,0) # axay (0, 0). 


The graph of f is shown on page 800. 
The three-dimensional Laplace equation 


a a a 
ace 
ax* dy? az? 


0 


is satisfied by steady-state temperature distributions T = f(x, y, z) 
in space, by gravitational potentials, and by electrostatic poten- 


tials. The two-dimensional Laplace equation 
a a 
aa 

ox" oy? 


obtained by dropping the df /dz” term from the previous equation, 
describes potentials and steady-state temperature distributions in a 
plane (see the accompanying figure). The plane (a) may be treated 
as a thin slice of the solid (b) perpendicular to the z-axis. 


(a) 


2¢ 2, De 
oF ae aT 


=0 
ax? dy? az? 


(b) 


Boundary temperatures controlled 


Show that each function in Exercises 73-80 satisfies a Laplace 
equation. 


73. f(x,y, 2) = x? + y? — 277 

74. f(x,y, 2) = 223 — 3(x? + y*)z 
75. f(x,y) = & cos 2x 

76. f(x,y) = nV? + y? 

77. f(x,y) = 3x + 2y-—4 

78. f(x,y) = tan! . 


y 
79. f(x, y, Zz) 


ll 


(x? at y? fi 2) 12 
80. f(x, y, 2) = e*** cos 5z 


The Wave Equation _ If we stand on an ocean shore and take a snap- 
shot of the waves, the picture shows a regular pattern of peaks and 
valleys in an instant of time. We see periodic vertical motion in space, 
with respect to distance. If we stand in the water, we can feel the rise 
and fall of the water as the waves go by. We see periodic vertical 
motion in time. In physics, this beautiful symmetry is expressed by 
the one-dimensional wave equation 


= c—> 


aw 2 dw 
or? ax?’ 


where w is the wave height, x is the distance variable, f is the time 
variable, and c is the velocity with which the waves are propagated. 


In our example, x is the distance across the ocean’s surface, but 
in other applications, x might be the distance along a vibrating string, 
distance through air (sound waves), or distance through space (light 
waves). The number c varies with the medium and type of wave. 
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Show that the functions in Exercises 81—87 are all solutions of 
the wave equation. 


81. w = sin (x + ctf) 


82. w = cos (2x + 2ct) 

83. w = sin (x + cf) + cos (2x + 2cf) 
84. w = In (2x + 2ct) 

85. w = tan (2x — 2ct) 

86. w = 5cos (3x + 3ct) + er 


87. w = f(u), where f is a differentiable function of u, and u = 
a(x + ct), where a is a constant 


88. Does a function f(x, y) with continuous first partial derivatives 
throughout an open region R have to be continuous on R? Give 
reasons for your answer. 


89. If a function f(x, y) has continuous second partial derivatives 
throughout an open region R, must the first-order partial deriva- 
tives of f be continuous on R? Give reasons for your answer. 


90. The heat equation An important partial differential equation 
that describes the distribution of heat in a region at time f can be 
represented by the one-dimensional heat equation 


af af 
at x2" 
Show that u(x, f) = sin (ax) +e?" satisfies the heat equation for 


constants a and B. What is the relationship between a and 6 for 
this function to be a solution? 


aoe 
91. Let fy) = 4 x? + y? 
0, (x, y) = (0, 0). 


Show that f,(0, 0) and f,(0, 0) exist, but f is not differentiable at 
(0, 0). (Hint: Use Theorem 4 and show that f is not continuous at 


(0, 0).) 


(x, y) # (0, 0) 


0, x <y < 2x? 
1, otherwise. 


92. Let f(x, y) = { 


Show that f,(0, 0) and f,(0, 0) exist, but f is not differentiable at 
(0, 0). 


The Chain Rule for functions of a single variable studied in Section 3.6 says that when 
w = f(x) is a differentiable function of x and x = g(t) is a differentiable function of f, w is 
a differentiable function of t and dw /dt can be calculated by the formula 


dw _ dw dx 
dt dx dt’ 


For this composite function w(t) = f(g(t)), we can think of ¢ as the independent variable 
and x = g(f) as the “intermediate variable,’ because ft determines the value of x which in 
turn gives the value of w from the function f. We display the Chain Rule in a “branch dia- 
gram” in the margin on the next page. 

For functions of several variables the Chain Rule has more than one form, which depends 
on how many independent and intermediate variables are involved. However, once the vari- 
ables are taken into account, the Chain Rule works in the same way we just discussed. 
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To find dw/dt, we read down the route 
from w to ft, multiplying derivatives 


along the way. 


Chain Rule 
w = f(x) Dependent 
° variable 
dw 
dx 
Intermediate 
xe : 
variable 
dx 
dt 
e Independent 
t variable 


of ow ee : 
Each of ax? ax’ f, indicates the partial 


derivative of f with respect to x. 


Functions of Two Variables 


The Chain Rule formula for a differentiable function w = f(x, y) when x = x(f) and 
y = y(t) are both differentiable functions of ¢ is given in the following theorem. 


THEOREM 5—Chain Rule For Functions of One Independent Variable and Two 
Intermediate Variables Ifw = f(x, y) is differentiable and if x = x(4), y = y(t) 
are differentiable functions of t, then the composite w = f(x(d), y(f)) is a differ- 
entiable function of t and 


oe = f.OO, YO) *x'O + FAO, VO) yO, 


or 


dw _ of dx , of dy 
dt ooxdt dydt’ 


Proof The proof consists of showing that if x and y are differentiable at t = f, then w 
is differentiable at 4 and 


dw) _ (aw) (dx) , (aw dy 
dt /,, 0x Jp \dt/,, dy Jp, \at},, 


where P) = (x(f), y(f)). The subscripts indicate where each of the derivatives is to be 
evaluated. 

Let Ax, Ay, and Aw be the increments that result from changing ft from f to f + At. 
Since f is differentiable (see the definition in Section 14.3), 


) ) 
Aw = (*). Ax + (3). Ay + €,Ax + e,Ay, 


where €,, €) > 0 as Ax, Ay 0. To find dw/dt, we divide this equation through by Ar 
and let At approach zero. The division gives 


Aw _ fdw)\ Ax aw\ Ay Ax Ay 
At (). At’ (3). Ar’ “ar? 2 ar 
Letting At approach zero gives 
dw\ _ lim Aw 
dt fo Aro At 


a), (Gi), * (i), Ga), Ca), + © Ga) 
= 1 +0-(—) +0-(=). a 
(™ p,\4t),  \o/p,\at), dt}, dt}, 


Often we write dw/dx for the partial derivative of /dx, so we can rewrite the Chain 
Rule in Theorem 5 in the form 


dw _ dwdx , aw dy 
dt ox dt = oy dt’ 
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. 2 However, the meaning of the dependent variable w is different on each side of the preced- 
To remember the Chain Rule, picture the : : : : : i 
ing equation. On the left-hand side, it refers to the composite function w = f(x(A), y(t)) as 


diagram below. To find dw /dt, start at w ‘ . : : : : j 
a function of the single variable t. On the right-hand side, it refers to the function 


and read down each route to ¢, multiplying 


derivatives along the way. Then add the w = f(x, y) as a function of the two variables x and y. Moreover, the single derivatives 
products. dw/dt, dx/dt, and dy/dt are being evaluated at a point f, whereas the partial derivatives 
Chain Rule dw/ax and dw/dy are being evaluated at the point (xp, yo), with x) = x(f) and yo = y(f). 


With that understanding, we will use both of these forms interchangeably throughout the 


je Dependent ‘ ‘ : 
w = f(y) 4 text whenever no confusion will arise. 


variable 
The branch diagram in the margin provides a convenient way to remember the 
ow : es ne ; : : hae 
ay Chain Rule. The “true” independent variable in the composite function is t, whereas x and 
y are intermediate variables (controlled by ft) and w is the dependent variable. 
Intermediate 


y ‘abl A more precise notation for the Chain Rule shows where the various derivatives in 
Variabdles 
Theorem 5 are evaluated: 


dw _ Of dx of dy 
dt (%) = ae (Xo, Yo) a (%) + ay Xo» Yo) dt (%). 
Independent 
t : 
di. ude. Seedy vane EXAMPLE 1 Use the Chain Rule to find the derivative of 
dt dx dt dy dt Ww >= xy 
with respect to ¢ along the path x = cost, y = sint. What is the derivative’s value at 


t= 7/2? 

Solution We apply the Chain Rule to find dw / dt as follows: 
dw _ dwdx , aw4y 
dt ox dt oy dt 


_ Hy) . A oad + acxy) . d 


“ax dt ay dt (sin £) 
= (y)(~sin ft) + (x)(cos f) 
= (sin f)(—sin tf) + (cos f)(cos f) 


= —sin? t + cos’ t 
= cos 2t. 


In this example, we can check the result with a more direct calculation. As a function of f, 


: 1. 
Ww = xy = costsint = 3 Sin 21, 


So 


dw_a(1.,\_1, e 
We a (3 sin 2) = 5 2 cos 2t = cos 2t. 


In either case, at the given value of f, 


Functions of Three Variables 


You can probably predict the Chain Rule for functions of three intermediate variables, as it 
only involves adding the expected third term to the two-variable formula. 


THEOREM 6—Chain Rule for Functions of One Independent Variable and 
Three Intermediate Variables If w = f(x, y, z) is differentiable and x, y, and z 
are differentiable functions of ft, then w is a differentiable function of t and 


dw _ dwdx , wy , dwdz 
dt oxdt oydt dzdt 
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Here we have three routes from w to 

t instead of two, but finding dw /dt is 
still the same. Read down each route, 
multiplying derivatives along the way; 


then add. 
Chain Rule 


w =f (x,y,z) Dependent 
variable 


Intermediate 
variables 


Independent 
variable 
dw _ dwdx | dwdy , dwdz 

dt ox dt dy dt a dt 


The proof is identical with the proof of Theorem 5 except that there are now three 
intermediate variables instead of two. The branch diagram we use for remembering the 
new equation is similar as well, with three routes from w to f. 


EXAMPLE 2 Find dw/dtif 
w=xyt z, xX = cost, y = sint, Z=t. 
In this example the values of w(t) are changing along the path of a helix (Section 13.1) as r 
changes. What is the derivative’s value at t = 0? 
Solution Using the Chain Rule for three intermediate variables, we have 


dw _ dwdx | dw dy _awdz 
dt ox dt oy dt dz dt 


= (y)(—sin f) + (x)(cos f) + (1)(1) ee ee te 
= (sin f)(—sin ft) + (cos f)(cos ft) + 1 the intermediate 


= —sin?t + cos?t + 1 = 1+ cos 2t, variables. 


so 
dw _ a 
(4) = 1 + cos (0) = 2. | 


For a physical interpretation of change along a curve, think of an object whose posi- 
tion is changing with time f. If w = T(x, y, z) is the temperature at each point (x, y, z) 
along a curve C with parametric equations x = x(t), y = y(t), and z = z(#), then the com- 
posite function w = T(x(2), y(d), z(4)) represents the temperature relative to ¢ along the 
curve. The derivative dw / dt is then the instantaneous rate of change of temperature due to 
the motion along the curve, as calculated in Theorem 6. 


Functions Defined on Surfaces 


If we are interested in the temperature w = f(x, y, z) at points (x, y, z) on the earth’s sur- 
face, we might prefer to think of x, y, and z as functions of the variables r and s that give 
the points’ longitudes and latitudes. If x = g(r, 5), y = h(r, s), and z = k(r, s), we could 
then express the temperature as a function of r and s with the composite function 


w = f(g(7, 5), AC, s), k(r, s)). 


Under the conditions stated below, w has partial derivatives with respect to both r and s 
that can be calculated in the following way. 


THEOREM 7—Chain Rule for Two Independent Variables and Three Intermediate 
Variables Suppose that w = f(x, y, z), x = g(r, 5), y = A(r, s), and z = k(r, s). 
If all four functions are differentiable, then w has partial derivatives with respect 
to r and s, given by the formulas 


dw _ dwax , dw9Y . dwaz 
or ox or oyor oz or 


dw _ dwax | aw9Y | dwax 
ds oxds dyos dz os’ 


The first of these equations can be derived from the Chain Rule in Theorem 6 by hold- 
ing s fixed and treating r as t. The second can be derived in the same way, holding r fixed 
and treating s as t. The branch diagrams for both equations are shown in Figure 14.22. 
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w= Fi XEY;-Z 
Dependent FCs 2) 
variable 
f 
ee ete 1 
Intermediate ify y I Zz 
J ) Zz 
variables | 
Independent 
variables : 
A K 
w = f(g(r, s), h(r, s), k(r, 8)) dw Ow Ox ; dw oy ; dw dz ow dw Ox ; ow oy ; Ow OZ 
or ox or dy or oz or Os ox Os dy os dz OS 


(a) (b) (c) 
FIGURE 14.22 Composite function and branch diagrams for Theorem 7. 


EXAMPLE 3 Express dw/dr and dw/ds in terms of r and s if 


w=xt+2yt+2, x=s y=retlns, z= 2r. 


Solution Using the formulas in Theorem 7, we find 


dw _ dwax , dw9Y | dwaz 
or ox or oyor  ozor 


= (4) + (2)2r) + (22)(2) 


Substitute for intermediate 


iT 1 variable z. 
Sr 4 + (4r)(2) = > Tear 
dw _ dwox , WI , dwodz 
Os ox ds  odyos oz Os 
Ee 1 2 r 
= o(-5) + (4) + (2z)(0) = 5 — 2° Oo 
Chain Rule If f is a function of two intermediate variables instead of three, each equation in 
Theorem 7 becomes correspondingly one term shorter. 
w = f(x, y) 


If w = f(x, y), x = g(r, s), and y = A(r, s), then 


dw _ dwox , dw9Y 4 dw _ dwdx , dwdY 
ar oxdr dyor = 9 ds dx ds | dy as’ 


r 


1 


dw _ dw Ox , Ow dy 
or ax or dy or 


Figure 14.23 shows the branch diagram for the first of these equations. The diagram 
for the second equation is similar; just replace r with s. 
FIGURE 14.23 Branch diagram 
for the equation 


EXAMPLE 4 Express dw/dr and dw/ds in terms of r and s if 
dw _ dwdx , dwOy 
ar ax Orsay Or’ 


w=x4+ y’, x=r--s, yar s. 
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Chain Rule 


w =f) 


aw _ dw ax 
or dx or 
aw _ dw ax 
os dx os 


FIGURE 14.24 Branch diagram for 
differentiating f as a composite function 
of r and s with one intermediate variable. 


FIGURE 14.25 Branch diagram for 
differentiating w = F(x, y) with respect 
to x. Setting dw/dx = 0 leads to a simple 
computational formula for implicit 
differentiation (Theorem 8). 


Solution The preceding discussion gives the following. 


dw _ dwadx , dw Oy dw _ dwax , dw 
or ox or oy or os ox ds oy Os Sueno 
for th 
= (2x)(1) + (2y\(1) = (2x)(-1) + (2y)(1) rece 
= 2(r —s) + 2(r +s) =—-2(r—s)+ 2rt+s) variables. 
= 4r = As Oo 


If f is a function of a single intermediate variable x, our equations are even simpler. 


If w = f(x) and x = g(r, 5s), then 


aw _ dw ax 
or dx or 


In this case, we use the ordinary (single-variable) derivative, dw /dx. The branch diagram 
is shown in Figure 14.24. 


Implicit Differentiation Revisited 


The two-variable Chain Rule in Theorem 5 leads to a formula that takes some of the alge- 

bra out of implicit differentiation. Suppose that 

1. The function F(x, y) is differentiable and 

2. The equation F(x, y) = 0 defines y implicitly as a differentiable function of x, say 
y = hQ). 


Since w = F(x, y) = 0, the derivative dw/dx must be zero. Computing the derivative 
from the Chain Rule (branch diagram in Figure 14.25), we find 


dw dx dy Theorem 5 with t = x 
OS ae ae and f = F 
dy 
=Fe1+ ae ee 


If F, = dw/dy # 0, we can solve this equation for dy/dx to get 


We state this result formally. 


THEOREM 8—A Formula for Implicit Differentiation Suppose that F(x, y) is 
differentiable and that the equation F(x, y) = 0 defines y as a differentiable func- 
tion of x. Then at any point where F, # 0, 


ay ; 
dx FY (1) 


14.4 The Chain Rule 827 


EXAMPLE 5 Use Theorem 8 to find dy /dx if y? — x? — sin xy = 0. 


Solution Take F(x, y) = y? — x? — sin xy. Then 


dy F, —2x — y cos xy 
dx Fy 2y — x cos xy 
_ 2x + y cos xy 


~ 2y — xcos xy’ 


This calculation is significantly shorter than a single-variable calculation using implicit 
differentiation. a 


The result in Theorem 8 is easily extended to three variables. Suppose that the equa- 
tion F(x, y, z) = 0 defines the variable z implicitly as a function z = f(x, y). Then for all 
(x, y) in the domain of f, we have F(x, y, f(x, y)) = 0. Assuming that F and f are differen- 
tiable functions, we can use the Chain Rule to differentiate the equation F(x, y, z) = 0 
with respect to the independent variable x: 


dF ax , OF OY , OF &% 
~ ax dx dydx dz ax 


0 
y is constant when 


=F-1l+ F, -O+ F- a differentiating with 
: = ox respect to x. 


Ne) 


F+ F, a 0. 
: <x 
A similar calculation for differentiating with respect to the independent variable y gives 
az 
Fy + F, ay = 0. 


Whenever F, # 0, we can solve these last two equations for the partial derivatives of 
z = f(x, y) to obtain 


a Fy a 
ax oF; and ay ol (2) 


An important result from advanced calculus, called the Implicit Function Theorem, 
states the conditions for which our results in Equations (2) are valid. If the partial deriva- 
tives F,, F,, and F, are continuous throughout an open region R in space containing the 
point (x9, yo. Zo), and if for some constant c, F(X, Yo. Zo) = ¢ and F(X; Yo. Zo) # O, then 
the equation F(x, y, z) = c defines z implicitly as a differentiable function of x and y near 
(Xo; Yo. Zo), and the partial derivatives of z are given by Equations (2). 


EXAMPLE 6 Find © and . at (0,0,0) if x2 + 2 + ye™ + zcosy = 0. 


Solution Let F(x, y, z) = x° + 2 + ye® + zcos y. Then 
F, = 3x? + zye™, Fy = e* — gsiny, and F, = 2z + xye“ + cosy. 
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Since F(0, 0,0) = 0, F.(0, 0, 0) = 1 ¥ 0, and all first partial derivatives are continuous, 
the Implicit Function Theorem says that F(x, y, z) = O defines z as a differentiable func- 
tion of x and y near the point (0, 0, 0). From Equations (2), 


az F, 3x? + zye™ 4 az F, e® — zsiny 
ox i 2z + xye% + cosy 7 oy F, 2z + xye% + cosy’ 


At (0, 0, 0) we find 


Functions of Many Variables 


We have seen several different forms of the Chain Rule in this section, but each one is just 
a special case of one general formula. When solving particular problems, it may help to 
draw the appropriate branch diagram by placing the dependent variable on top, the inter- 
mediate variables in the middle, and the selected independent variable at the bottom. To 
find the derivative of the dependent variable with respect to the selected independent vari- 
able, start at the dependent variable and read down each route of the branch diagram to the 
independent variable, calculating and multiplying the derivatives along each route. Then 
add the products found for the different routes. 

In general, suppose that w = f(x, y,..., uv) is a differentiable function of the inter- 
mediate variables x, y,...,v (a finite set) and the x, y,..., v are differentiable functions 
of the independent variables p,g,...,¢ (another finite set). Then w is a differentiable 
function of the variables p through ¢, and the partial derivatives of w with respect to these 
variables are given by equations of the form 


dw _ dwax , aw , |, dwav 
op ox 0p dy Op dv Op’ 
The other equations are obtained by replacing p by g,..., t, one at a time. 


One way to remember this equation is to think of the right-hand side as the dot prod- 
uct of two vectors with components 


ow OW ow ax OY du 
ets Aenea and Re reer eer 
ox’ oy du Op’ op op 


a ee _——— 
Derivatives of w with Derivatives of the intermediate 
respect to the variables with respect to the 
intermediate variables selected independent variable 
Chain Rule: One Independent Variable 5. w =2ye’—Inz, x=In(? +1), y=tan't z=e'; 
In Exercises 1-6, (a) express dw /dt as a function of f, both by using t=1 
the Chain Rule and by expressing w in terms of ¢ and differentiating 6. w=z-sinxy, x=t y=Int, z= el. pad 
directly with respect to t. Then (b) evaluate dw/ drt at the given value 
of t. Chain Rule: Two and Three Independent Variables 
lLw=x+y, x=cos, y=singe t=a In Exercises 7 and 8, (a) express 0z/du and dz/dv as functions of u 
2w=2x2+y, x=costt+sint, y=cost—sint; t=0 and v both by using the Chain Rule and by expressing z directly in 
x y ; oe terms of u and v before differentiating. Then (b) evaluate dz/du and 
3.w=7+7 x= core y=sin’ z= 1/t; t=3 dz/dv at the given point (u, v). 
4.w=In(? + y’ +27), x = cost, y=sint, z= AV: 7. 2= 4e*Iny, x =In(ucosv), y = usin; 


t=3 (u, v) = (2, 7/4) 


8. <= tan! (x/y), x =ucosv, y= usinu; 
(u, v) = (1.3, 7/6) 
In Exercises 9 and 10, (a) express dw/du and dw/du as functions of u 
and v both by using the Chain Rule and by expressing w directly in 
terms of wu and v before differentiating. Then (b) evaluate dw /du and 
dw/dv at the given point (u, v). 


9 w=xytyetxz, x=utv, y=u-v, 2= UW; 
(u, v) = (1/2, 1) 

10. w=In(x? + y?+ 2), x= ue’sinu, y = ue’ cosu, 

(u,v) = (~2, 0) 

In Exercises 11 and 12, (a) express du/dx, du/dy, and du/dz as func- 

tions of x, y, and z both by using the Chain Rule and by expressing u 

directly in terms of x, y, and z before differentiating. Then (b) evaluate 

du/dx, du/dy, and du/dz at the given point (x, y, z). 

P—4 

11. u= G7 P=x ty+z q=x-yrtys 
r=xty-zZ &Y2D= (V3, 2, 1) 

12, u=e"sin'p, p=sinx, q=2Iny, r=1/z; 
(x,y,z) = (w/4, 1/2, -1/2) 


2 = ue", 


Using a Branch Diagram 
In Exercises 13-24, draw a branch diagram and write a Chain Rule 
formula for each derivative. 


d 

13, 7 for z= fay), x= 90, y= hO) 

14, e for z= fluuv,w), u= g(t), v= hi, w= kt) 
0 ow 

15. and av for w = hy, y,z), x = flu,v), y = gu, v), 
z= ku, v) 

ie, and 0, r= =h 

+ jy an ay or w = f(r,s,0, r= g(x,y), s = h(x, y), 

t = k(x, y) 
) ) 

17. 7 and 7 for w = giv y), x =hAtu,v), y= ku, v) 

18. a and . for w = gtu,v), u=h(x,y), v= kx, y) 
0z 


19, at and % = for z= f(xy), x= gts), y= hits) 


oy 
20. ce for y = f(u), u = g(7,5) 
21, on and oe for w = g(u), u = hs, t) 


a 
22. a for w = f(x, y,z,v), x = g(p.qg), y = Wp, qQ), 


z=j0.g, v = kp,q) 
0 0 
23. - and ie for w = f(x,y), x= g(r), y = Als) 


24. oe for w = g(x,y), x =A(r,s,1), y = kr, 5, f) 


Implicit Differentiation 
Assuming that the equations in Exercises 25—28 define y as a differen- 
tiable function of x, use Theorem 8 to find the value of dy/dx at the 
given point. 

25. 3 — 2y? +xy=0, (1,1) 

26. xy + y? — 3x —-3 =0, C1) 

27. xP +xy+y?-7=0, C,2) 
In2 = 0, 


28. xe? + sinxy + y (0, In 2) 
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Find the values of dz/dx and dz/dy at the points in Exercises 29-32. 


29. J-xtyzt+y-2=0, (1,1) 
1 Til = 
3005 ty tz77-1=0, (2, 3, 6) 


31. sin(x + y) + sin(y + z) + sin(x + z) = 0, (7, 7,77) 
32. xe? + ye + 2Inx —2-—3In2=0, (1, 1n2, In 3) 


Finding Partial Derivatives at Specified Points 

33. Find dw/dr when r=1,s=-1 if w=@t+yt%, 
x=r-—s,y=cos(r+s), z= sin(r+ s). 

34. Find oaw/dv when u=—l,v=2 if 
x=v/uy=utv, z= cosu. 

35. Find dw/dv when u=0,v=0_ if 


x=u-2v4+1, y=2ut+v- 2. 


w=xy + Inz, 


w= x? + (y/x), 


36. Find dz/du when u=0,v=1 if z=sinxy + xsiny, 
x=wt+vu,y=w. 

37. Find dz/du and dz/du when u = In2,v = 1 if z 
x= e+ Inv. 

38. Find dz/du and dz/duv when u = 1, v = 
q = Vu + 3tan lu. 


5 tan! x and 


2 if z= Ing and 


Theory and Examples 


39. Assume that w = f(s? + #7) and f'(x) = &. Find ” and 9 ae 
= 2 8 of = z = x 
40. Assume that w = f(s 3 ), ax (x, y) = xy, and By (x, y) = 2" 


_ , OW ow 

Find aE and as” 
41. Changing voltage in a circuit The voltage V in a circuit that 
satisfies the law V = JR is slowly dropping as the battery wears 


out. At the same time, the resistance R is increasing as the resistor 
heats up. Use the equation 


dV _0VdI , dVdR 

dt aldt  dRdt 
to find how the current is changing at the instant when R = 
600 ohms, J = 0.04 amp, dR/dt = 0.5 ohm/sec, and dV/dt = 
—0.01 volt/sec. 


4 


+ — 
Battery 
I 
R 
42. Changing dimensions in a box The lengths a, b, and c of the 
edges of a rectangular box are changing with time. At the instant 
in question, a= 1m, b=2m, c=3m, da/dt = db/dt= 
1 m/sec, and dc/dt = —3 m/sec. At what rates are the box’s 
volume V and surface area S$ changing at that instant? Are the 
box’s interior diagonals increasing in length or decreasing? 
43. If f(u, v, w) is differentiable and u = x — y,v = y — z, and 
w = z — x, show that 
0 0 0 
f ge f 4 Pe 
ax dy az 
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44. 


45. 


46. 


47. 


48. 


49. 


Polar coordinates Suppose that we substitute polar coordinates 
x=rcos@ and y=rsin@ in a differentiable function 
w= fy). 
a. Show that 


ow _ ‘ 
a f,cos@ + f, sin é 
and 
7 = —f,sin@ + f, cos 0. 


b. Solve the equations in part (a) to express f, and f, in terms of 
dw/dr and aw/d0. 


c. Show that 


; _ faw\ _ 1 few ; 
cop + opr (2) A () 


Laplace equations Show that if w = f(u,v) satisfies the 
Laplace equation f,, + fy, = 0 and if u = (x? — y?)/2 and 
v = xy, then w satisfies the Laplace equation w,, + wy, = 0. 


Laplace equations Let w = f(u) + g(v), where u = x + iy, 
v=x-— iy, andi = \V—1. Show that w satisfies the Laplace 
equation w,, + wW,, = 0 if all the necessary functions are differ- 
entiable. 


Extreme values on a helix Suppose that the partial derivatives 
of a function f(x, y, z) at points on the helix x = cost, y = sint, 
z= tare 


fy = cost, fy = sint, f,=P+t-2. 


At what points on the curve, if any, can f take on extreme values? 


A space curve Let w = x’e’ cos 3z. Find the value of dw/dt 
at the point (1, In 2,0) on the curve x = cost, y = In(t + 2), 
Z=t. 


Temperature ona circle Let T = f(x, y) be the temperature at 

the point (x, y) on the circle x = cost,y = sint,0O St S 27 

and suppose that 
OT _ 
Ox 


oT 
dy 


8x — 4y, 8y — 4x. 


a. Find where the maximum and minimum temperatures on the 


circle occur by examining the derivatives dT /dt and d°T/dt?. 


b. Suppose that T = 4x7 — 4xy + 4y?. Find the maximum and 
minimum values of 7 on the circle. 


50. Temperature on an ellipse Let T = g(x, y) be the temperature 
at the point (x, y) on the ellipse 
x = 2V2cost, y = V2sint, 0st Ss 27, 
and suppose that 


aT aT 


a” ay 


a. Locate the maximum and minimum temperatures on the 
ellipse by examining dT/dt and d?T/dt. 


b. Suppose that T = xy — 2. Find the maximum and minimum 
values of T on the ellipse. 


Differentiating Integrals Under mild continuity restrictions, it is 
true that if 


b 
F(x) -{ S(t, x) dt, 


a 


b 
then F'(x) = i g(t, x) dt. Using this fact and the Chain Rule, we 


a 


can find the derivative of 


F(x) 
F(x) = / g(t, x) dt 


a 


by letting 


G(u, x) = / g(t, x) dt, 


a 


where u = f(x). Find the derivatives of the functions in Exercises 51 
and 52. 


x 1 
51. F(x) = / Viti + x3 dt 52. F(x) = i Vt t+ x? dt 
0 x 


14.5 Directional Derivatives and Gradient Vectors 


If you look at the map (Figure 14.26) showing contours within Yosemite National Park in 
California, you will notice that the streams flow perpendicular to the contours. The 
streams are following paths of steepest descent so the waters reach lower elevations as 
quickly as possible. Therefore, the fastest instantaneous rate of change in a stream’s eleva- 
tion above sea level has a particular direction. In this section, you will see why this direc- 
tion, called the “downhill” direction, is perpendicular to the contours. 


Directional Derivatives in the Plane 
We know from Section 14.4 that if f(x, y) is differentiable, then the rate at which f changes 
with respect to ¢ along a differentiable curve x = g(t), y = A(f) is 

df ofdx of dy 

dt oxdt  dydt' 


At any point P(X, Yo) = Po(g(%), h(f)), this equation gives the rate of change of f with 
respect to increasing t and therefore depends, among other things, on the direction of 


Line x = xg + suy,y = yo + Sug 


u=ui + uj 
Direction of 


increasing s 


R 


Po(Xo; Yo) 


FIGURE 14.27 The rate of change of f 
in the direction of u at a point Py is the rate 
at which f changes along this line at Pp. 
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C 


FIGURE 14.26 Contours within Yosemite National Park in California 
show streams, which follow paths of steepest descent, running perpendicular 
to the contours. (Source: Yosemite National Park Map from U.S. Geological 
Survey, http://www.usgs.gov) 


motion along the curve. If the curve is a straight line and ¢ is the arc length parameter 
along the line measured from Py in the direction of a given unit vector u, then df /dt is the 
rate of change of f with respect to distance in its domain in the direction of u. By varying 
u, we find the rates at which f changes with respect to distance as we move through P, in 
different directions. We now define this idea more precisely. 

Suppose that the function f(x, y) is defined throughout a region R in the xy-plane, that 
Po(Xo, Yo) is a point in R, and that u = u,i + uj is a unit vector. Then the equations 


X =X + SU, y= Yt SUy 


parametrize the line through Pp parallel to u. If the parameter s measures arc length from 
Py in the direction of u, we find the rate of change of f at Py in the direction of u by calcu- 
lating df /ds at Py (Figure 14.27). 


DEFINITION The derivative of f at P)(xo, yp) in the direction of the unit vec- 
tor u = u,i + uj is the number 


F(X + SUy, Yo + Suz) — FX» Yo) 
ee s , (1) 


provided the limit exists. 


The directional derivative defined by Equation (1) is also denoted by 


“The derivative of f at P. 
D, : " 
(uf), in the direction of u” 


The partial derivatives f,(%o, yo) and f,(x, Yo) are the directional derivatives of f at Py in 
the i and j directions. This observation can be seen by comparing Equation (1) to the defi- 
nitions of the two partial derivatives given in Section 14.3. 
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z 
4 


Surface S: 


A 
c= Hea) . Axo + suy,¥q + Sux) — flxo; Yo) 


(xp + suy, YQ + Sur) 
Po(Xo; Yo) u= wit uj 
FIGURE 14.28 The slope of the trace 
curve C at Py is Ets slope (PQ); this is the 
—>P 


directional derivative 


df\ 
(2). Bi = (Duf)p,. 


EXAMPLE 1 Using the definition, find the derivative of 
f(x,y) = x? + xy 


at Po(1, 2) in the direction of the unit vector u = ( 1/V2)i + (1/V2)j. 


Solution Applying the definition in Equation (1), we obtain 


df _ F(X + su, Yo + Suz) — fo, Yo) 
ds}, 5 = im 5 Eq. (1) 
1 1 
(1 de ge to a )- 10.2 
= lim v2 . v2 
s—>0 
(1+) + (+S )(2+s)- crs 2) 
tie v2 2/ v2 
s—>0 
2s =) ( 38 5) 
p++ f)4(24+—24+2)-3 
. 27 v2 
= 5 
5s 


The rate of change of f(x, y) = x? + xy at Po(1, 2) in the direction u is 5/ M2. B 


Interpretation of the Directional Derivative 


The equation z = f(x, y) represents a surface S in space. If z = f(x, yo), then the 
point P(x, yo, Zo) lies on S. The vertical plane that passes through P and P(x, yo) par- 
allel to u intersects S in a curve C (Figure 14.28). The rate of change of f in the direc- 
tion of u is the slope of the tangent to C at P in the right-handed system formed by the 
vectors u and k. 

When u = i, the directional derivative at P) is of /dx evaluated at (x9, yo). When 
u = j, the directional derivative at Py is df /dy evaluated at (xg, yo). The directional deriva- 
tive generalizes the two partial derivatives. We can now ask for the rate of change of f in 
any direction u, not just the directions i and j. 

For a physical interpretation of the directional derivative, suppose that T = f(x, y) is 
the temperature at each point (x, y) over a region in the plane. Then f(x, yo) is the tem- 
perature at the point P(X, yo) and (Dy f)p, is the instantaneous rate of change of the tem- 
perature at Py stepping off in the direction u. 


Calculation and Gradients 


We now develop an efficient formula to calculate the directional derivative for a differen- 
tiable function f. We begin with the line 


xX =X + suy, y=y t+ sth, (2) 
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through P(x, yo), parametrized with the arc length parameter s increasing in the direction 
of the unit vector u = w,i + uj. Then by the Chain Rule we find 


d ) ) d 
( ‘) = ( *) dx + ( ‘) : Chain Rule for differentiable f 
ds u, Py ox Pp ds oy Pp ds 


= of of From Eqs. (2), dx/ds = uy 
= ax uy = ae Uy davide= 
x] p, oy ay and dy/ds = uy 
a), (),i)- [mi + ma 
={(—)] i+ [=] jl-}/ mit wj). 3 
(=), (5 - a - 
Gradient of f at Py Direction u 


Equation (3) says that the derivative of a differentiable function f in the direction of u 
at Py is the dot product of u with the special vector, which we now define. 


DEFINITION The gradient vector (gradient) of f(x, y) at a point Py(x, yo) is 
the vector 
of. , of, 


VE ae * ay 


obtained by evaluating the partial derivatives of f at Pp. 


The notation Vf is read “grad f” as well as “gradient of f” and “del f.” The symbol V by 
itself is read “del.” Another notation for the gradient is grad f. Using the gradient notation, 
we restate Equation (3) as a theorem. 


THEOREM 9—The Directional Derivative Is a Dot Product If f(x, y) is differ- 
entiable in an open region containing Py(xo, yo), then 


df _ 
(2). 27 PP a (4) 


the dot product of the gradient Vf at Py and u. In brief, D\f = Vf-u. 


EXAMPLE 2 Find the derivative of f(x, y) = xe” + cos (xy) at the point (2, 0) in the 
direction of v = 3i — 4j. 


Solution Recall that the direction of a vector v is the unit vector obtained by dividing v 
by its length: 


Vio v. 3 4. 
lv) 5 5) 5e 


u 


The partial derivatives of f are everywhere continuous and at (2, 0) are given by 


f,2, 0) = (e” — y sin (y))2,0) = &-0=1 
S;2, 0) = (xe” — x sin (xy) 2,0) = 2e° — 2-0 = 2. 


The gradient of f at (2, 0) is 


VF lao = fx2, Oi + f,(2, Oj =i + 2j 


834 


Chapter 14: Partial Derivatives 


y 

A 

me Vf=it 2j 
1F 

! ly yx 
0 | Po(2, 0) 
=e ee 
i a. 
a 


FIGURE 14.29 Picture Vf as a vector 
in the domain of f. The figure shows a 
number of level curves of f. The rate at 
which f changes at (2, 0) in the direction 
uis Vf+u = —1, which is the component 


of Vf in the direction of unit vector u 
(Example 2). 


I 
Lat a 


y 


. I 
I 
‘eo. Cie 
—Vf cL; 1); 
: wa '/. | Zero change 
Most rapid inf 
: decrease in f we 
Most rapid Watt] 


increase in f 


FIGURE 14.30 The direction in which 
f(x, y) increases most rapidly at (1, 1) is 
the direction of Vf|(.4) = i + j. It corre- 
sponds to the direction of steepest ascent 
on the surface at (1, 1, 1) (Example 3). 


(Figure 14.29). The derivative of f at (2, 0) in the direction of v is therefore 
(Duf)e,0) = Vleo)*U 


= . (3, 4.) _ 3 = 8__ 
= (i + 2j) (3: 4) 5 5 1. | 


Eq. (4) with the (Dy f)p, notation 


Evaluating the dot product in the brief version of Equation (4) gives 
Daf = Vf-u= |Vf\|l|ul cos @ = |Vf| cos 6, 


where 6 is the angle between the vectors u and Vf, and reveals the following properties. 


|VF| cos 0 


1. The function f increases most rapidly when cos 6 = | or when 6 = 0 andu 
is the direction of Vf. That is, at each point P in its domain, f increases most 
rapidly in the direction of the gradient vector Vf at P. The derivative in this 
direction is 


Properties of the Directional Derivative D,f = Vf-u = 


Duf = |Vf| cos 0) = |Vfl. 
2. Similarly, f decreases most rapidly in the direction of — Vf. The derivative in 
this direction is D,f = |Vf|cos (7) = —|Vf]. 
3. Any direction u orthogonal to a gradient Vf # 0 is a direction of zero change 
in f because 6 then equals 7/2 and 


Duf = |Vf|cos (2/2) = |Vf|-0 = 0. 


As we discuss later, these properties hold in three dimensions as well as two. 


EXAMPLE 3 


(a) increases most rapidly at the point (1, 1), and 


Find the directions in which f(x, y) = (x?/2) + (y?/2) 


(b) decreases most rapidly at (1, 1). 
(c) What are the directions of zero change in f at (1, 1)? 
Solution 


(a) The function increases most rapidly in the direction of Vf at (1, 1). The gradient there 
is 


(VAay = Gi + yay =it j. 
Its direction is 
itj it j Ib res Als 
isi] Vart+aye v2- eV 


(b) The function decreases most rapidly in the direction of —Vf at (1, 1), which is 


(c) The directions of zero change at (1, 1) are the directions orthogonal to Vf: 


a 


ls 
v2 V2" 
See Figure 14.30. o 


and 
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Gradients and Tangents to Level Curves 
If a differentiable function f(x,y) has a constant value c along a smooth curve 
r = g(t)i + h(Hj (making the curve part of a level curve of f), then f(g(1), A(1) = c. Dif- 
ferentiating both sides of this equation with respect to ¢ leads to the equations 

d a 

{f(g WD) = 50) 

of d, 0 

fds, af dh 


x dt ay dt = 0 Chain Rule 
Of,  O .\ (abo. dh, 
(Hi+ i) (fi Bi = 0. (5) 
vf a 


ihe leccleane reas Equation (5) says that Vf is normal to the tangent vector dr /dt, so it is normal to the curve. 


(Xo, Yo) 
ca / vi ) At every point (Xo, yo) in the domain of a differentiable function f(x, y), the gra- 
yr dient of f is normal to the level curve through (x9, yo) (Figure 14.31). 


Equation (5) validates our observation that streams flow perpendicular to the contours 
in topographical maps (see Figure 14.26). Since the downflowing stream will reach its 
destination in the fastest way, it must flow in the direction of the negative gradient vectors 
from Property 2 for the directional derivative. Equation (5) tells us these directions are 
perpendicular to the level curves. 

This observation also enables us to find equations for tangent lines to level curves. 
They are the lines normal to the gradients. The line through a point Py(xp, yo) normal to a 
vector N = Ai + Bj has the equation 


A(x — Xo) + By — yo) = 0 


FIGURE 14.31 The gradient of a dif- 
ferentiable function of two variables at a 
point is always normal to the function’s 

level curve through that point. 


(Exercise 39). If N is the gradient (Vf)... y,) = f(%0, Yo)i + fyQo. Yo)j, the equation gives 
the following formula. 


Tangent Line to a Level Curve 


F(X, YoMX — Xo) + Fy, Yo — Yo) = O (6) 


>< 


Vi(-2, 1) = -i+ 2j x—dy=—4 


EXAMPLE 4 Find an equation for the tangent to the ellipse 


(Figure 14.32) at the point (—2, 1). 


FIGURE 14.32 Wecanfind the tangent Solution The ellipse is a level curve of the function 
to the ellipse (x?/4) + y? = 2 by treating 
the ellipse as a level curve of the function 


2 
_* 2 
f(x, y) = (x?/4) + y? (Example 4). FO y) 4 ea 
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The gradient of f at (—2, 1) is 


Vila = (si + 25) =-i+ 2j. 
(2,1) 
The tangent to the ellipse at (—2, 1) is the line 
CD@ + 2)+ Qoy- 1) =0 Eq. (6) 
x—-2y=—-4, Oo 


If we know the gradients of two functions f and g, we automatically know the gradients of 
their sum, difference, constant multiples, product, and quotient. You are asked to establish 
the following rules in Exercise 40. Notice that these rules have the same form as the cor- 
responding rules for derivatives of single-variable functions. 


Algebra Rules for Gradients 


1. Sum Rule: 

2. Difference Rule: 

3. Constant Multiple Rule: 
4. Product Rule: 


Vif +g) = Vf + Ve 
VG —-® = VF = Ve 
V(kf) = kVf (any number k) 
Vifg) = fVg + eVf 


v() OVE SIVE 


Scalar multipliers on left 
of gradients 


5. Quotient Rule: 5 


EXAMPLE 5 We illustrate two of the rules with 
fa&y)=x-y gy) = 3y 
VF=i=j Ve = 3f. 
We have 
1. Vf — g) = V@ — 4y) =i- 4j = Vf Vg Rule 2 


2. Vifg) = VGxy — 3y’) = 3yi + Bx — b6y)j 
= 3yG — j) + 3yj + Gx — 6y)j 
= 3yi = )) + Gx = 3y)j 
= Sh — J) > a= yoy = evi + £Ve 


gVf plus terms... 
simplified. 
Rule 4 Oo 


Functions of Three Variables 


For a differentiable function f(x, y, z) and a unit vector u = wi + uj + u3k in space, 
we have 


_ Of s  e , OF 
Vf a gyl oe 
and 
of of of 
Dif = Vfru= arm + aw t+ 5 us. 


The directional derivative can once again be written in the form 
Df = Vf:u = |Vf ||u| cos @ = |VF | cos 6, 


so the properties listed earlier for functions of two variables extend to three variables. At 
any given point, f increases most rapidly in the direction of Vf and decreases most rap- 
idly in the direction of —Vf. In any direction orthogonal to Vf, the derivative is zero. 
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EXAMPLE 6 


(a) Find the derivative of f(x,y, z) = x* — xy? — z at Pj(1, 1,0) in the direction of 
v = 2i — 3j + 6k. 

(b) In what directions does f change most rapidly at Py, and what are the rates of change 
in these directions? 


Solution 
(a) The direction of v is obtained by dividing v by its length: 
ly] = V2? + C3)? + 6 = V49 =7 
" = 2)-35+2k. 
The partial derivatives of f at Py are 
f= Ge = y)a,10) = 2, Fy a = 2xy| 1,1,0) = —2, f. = —1a1,0) ==; 
The gradient of f at Py is 


u= 


Vflaso) = 2i — 2j — k. 


The derivative of f at Py in the direction of v is therefore 


: . 2. 3. ,6 
(Duf)aa.0 = Vilaao*u = i — 2j — k)- (3: ast $x) 


7 7 7 7 


(b) The function increases most rapidly in the direction of Vf = 2i — 2j — k and 
decreases most rapidly in the direction of —Vf. The rates of change in the directions 
are, respectively, 


IVF] = Var + C27 + CIP = V9=3 and -|Vf)=-3. 


The Chain Rule for Paths 


If rt) = x()i + yj + zk is a smooth path C, and w = f(r(d) is a scalar function 
evaluated along C, then according to the Chain Rule, Theorem 6 in Section 14.4, 


dw _ dwdx , aw4y , dwadz 
dt oxdt oydt ozdt’ 


The partial derivatives on the right-hand side of the above equation are evaluated along the 
curve r(f), and the derivatives of the intermediate variables are evaluated at t. If we express 
this equation using vector notation, we have 


The Derivative Along a Path 


£ f(r(o) = Vf@M)-r'(d. (7) 


What Equation (7) says is that the derivative of the composite function f(r(d)) is the 
“derivative” (gradient) of the outside function f “times” (dot product) the derivative of the 
inside function r. This is analogous to the “Outside-Inside” Rule for derivatives of com- 
posite functions studied in Section 3.6. That is, the multivariable Chain Rule for paths has 
exactly the same form as the rule for single-variable differential calculus when appropriate 
interpretations are given to the meanings of the terms and operations involved. 
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Exercises 14.5 | 


Calculating Gradients 
In Exercises 1-6, find the gradient of the function at the given point. 
Then sketch the gradient together with the level curve that passes 


through the point. 
1. fay=y--x, 2,1) 2. fy y) = In(x? + y?), C1) 


2 2. 
3. ex, y) = 2, (2,-1) 4. (x,y) = = - a (V2, 1) 


5. fay) = V2x + 3y, (1, 2) 

6. f(x,y) = tan! — (4, -2) 
In Exercises 7-10, find Vf at the given point. 

7. f(y, = x+y? — 22+ zInx, (1,1) 

8. f(x,y, Z) = 223 — 3(x? + y?)z + tan! xz, (1, 1,1) 

9. (e932) = Oy + ey? oe lye), 1, 2,=2) 
10. f(x, y,2) =e cosz + (vy + sin! x, (0,0, 7/6) 


Finding Directional Derivatives 
In Exercises 11-18, find the derivative of the function at Py in the 
direction of u. 


11. f(x,y) = 2xy — 3y*, A(5,5), w= 4i + 3j 
12. f@y=2?+y, ACL), u= 3-4 


x—y an eke é 
13. g(x, y) = wae a Pd,-), u= 12i + Sj 


14. h(x, y) = tan”! (y/x) + V3 sin”! (xy/2),  PA(1, 1), 

u = 3i — 2j 
15. f(x,y, =x tyzt+ zx, P(l,-1,2), u = 3it 6j — 2k 
16. fix, y,z) = x? + 2y - 32, ACI), w=itjr+k 
17. g(x, y, z) = 3e* cos yz, P(0,0,0), u = 2i+ j — 2k 


18. h(x, y, z) = cosxy + & + Inzx, P(1, 0, 1/2), 
u=i+2j+2k 


In Exercises 19-24, find the directions in which the functions increase 
and decrease most rapidly at Py. Then find the derivatives of the func- 
tions in these directions. 


YW. yer rape, Bel) 

20. f(x,y) = xy + e™siny, Pi, 0) 

21. f(x,y, z) = (x/y) — yz, P(4, 1,1) 

22. g(x, y,z) = xe + 27, Pl, In 2, 1/2) 

23. f(x,y, z) = Inxy + Inyz + Inxz, Pl, 1, 1) 

24. h(x, y,z) = In@? + y — 1) + y+ 6z, Pl, 1,0) 


Tangent Lines to Level Curves 

In Exercises 25-28, sketch the curve f(x, y) = c together with Vf 
and the tangent line at the given point. Then write an equation for the 
tangent line. 


2. e+y=4, (V2, V2) 
26. x? -y=1, (V2,1) 

27. xy =-4, (2,-2) 

28. xr —xyt+y=7, €1,2) 


Theory and Examples 
29. Let f(x,y) = x7 — xy + y* — y. Find the directions u and the 
values of D, f(1, —1) for which 


a. D, f(1,—1) is largest b. D, f(,—1) is smallest 
ec D,fU,-1) = 0 d. D, fU,—-1) = 4 
e. D, f,-1) = -3 


x y 
30. Let f(x, y) = - 7 2 Find the directions u and the values of 


Dy i(- 7 ;) for which 


e. p.s(-4.3) =1 


31. Zero directional derivative In what direction is the derivative 
of f(x, y) = xy + y? at P(3, 2) equal to zero? 

32. Zero directional derivative In what directions is the derivative 
of f(x, y) = (x? — y?)/(x? + y?) at P(A, 1) equal to zero? 

33. Is there a direction u in which the rate of change of f(x, y) = 
x? — 3xy + 4y’ at P(1, 2) equals 14? Give reasons for your answer. 


34. Changing temperature along a circle Is there a direction u in 
which the rate of change of the temperature function T(x, y, z) = 
2xy — yz (temperature in degrees Celsius, distance in feet) at 
P(1, —1, 1) is —3°C/ft? Give reasons for your answer. 


35. The derivative of f(x, y) at Po(1, 2) in the direction of i + j is 
2\/2 and in the direction of —2j is —3. What is the derivative of 
f in the direction of —i — 2j? Give reasons for your answer. 


36. The derivative of f(x, y, z) at a point P is greatest in the direction 
of v = i+ j — k. In this direction, the value of the derivative is 


2V3. 


a. What is Vf at P? Give reasons for your answer. 
b. What is the derivative of f at P in the direction of i + j? 


37. Directional derivatives and scalar components How is the 
derivative of a differentiable function f(x, y, z) at a point Py in the 
direction of a unit vector u related to the scalar component of 
(Vf)p, in the direction of u? Give reasons for your answer. 

38. Directional derivatives and partial derivatives Assuming 
that the necessary derivatives of f(x, y, z) are defined, how are 
D,f, D,f, and Dyf related to f,, fy, and f,? Give reasons for 
your answer. 


39. Lines in the xy-plane Show that A(x — x9) + Bly — yo) = 0 
is an equation for the line in the xy-plane through the point (xp, yo) 
normal to the vector N = Ai + Bj. 


40. The algebra rules for gradients Given a constant k and the 


gradients 
_ of, of, . of _ og, Og, 88 
VES aT al ae Ve> a) ay) toe 


establish the algebra rules for gradients. 
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14.6 Tangent Planes and Differentials 


FIGURE 14.33 The gradient Vf is 
orthogonal to the velocity vector of every 
smooth curve in the surface through P. 
The velocity vectors at P, therefore lie in a 
common plane, which we call the tangent 
plane at Py. 


The surface 
r+y+z2-9=0 


Po(l, 2, 4) | > 


Normal line 


f a l \ Laue plane 


FIGURE 14.34 The tangent plane and 
normal line to this level surface at P) 
(Example 1). 


In single-variable differential calculus we saw how the derivative defined the tangent line to 
the graph of a differentiable function at a point on the graph. The tangent line then provided 
for a linearization of the function at the point. In this section, we will see analogously how 
the gradient defines the tangent plane to the level surface of a function w = f(x, y, z) ata 
point on the surface. In the same way as before, the tangent plane then provides for a linear- 
ization of f at the point and defines the total differential of the function. 


Tangent Planes and Normal Lines 


If ri) = x(i + y(j + zk is a smooth curve on the level surface f(x, y, z) = c of a 
differentiable function f, we found in Equation (7) of the last section that 


© fe) = VFO): e'(0. 


Since f is constant along the curve r, the derivative on the left-hand side of the equation is 
0, so the gradient Vf is orthogonal to the curve’s velocity vector r’. 

Now let us restrict our attention to the curves that pass through Py (Figure 14.33). All 
the velocity vectors at Py are orthogonal to Vf at Pj, so the curves’ tangent lines all lie in 
the plane through Py normal to Vf. We now define this plane. 


DEFINITIONS The tangent plane at the point P)(xo, yo, Zp) on the level surface 
f(x, y, z) = c of a differentiable function f is the plane through P, normal to 


Vf 


The normal line of the surface at Py is the line through Py parallel to Vf| Py 


Po: 


From Section 12.5, the tangent plane and normal line have the following equations: 


Tangent Plane to f(x, y,z) = c at Py(xo, yo, Z0) 


FCPox — Xo) + FPO — yo) + FPo)Z — 2%) = 0 (1) 
Normal Line to f(x, y, z) = c at Py(xo, Yo; Zo) 
X= Xt fx(Po)t, y=yo + fy(Pot Z= 2 + fPt (2) 


EXAMPLE 1 Find the tangent plane and normal line of the level surface 
f~%yOJ=r+y+z-9=0 A circular paraboloid 

at the point P,(1, 2, 4). 

Solution The surface is shown in Figure 14.34. 


The tangent plane is the plane through Py perpendicular to the gradient of f at Py. The 
gradient is 


Vélp, = (xi + 2yj + Ka aa = 28+ 4f + k. 
The tangent plane is therefore the plane 
2a-1)+4y7-2)+@-4=0, or 2x+4y+ z= 14. 
The line normal to the surface at Po is 


x=1+ 2t, y=2+ 4, z=4+t. | 
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To find an equation for the plane tangent to a smooth surface z = f(x, y) at a point 
Po(X0, Yo, Zo) Where z = f(Xo, Yo), We first observe that the equation z = f(x, y) is equiva- 
lent to f(x, y) — z = 0. The surface z = f(x, y) is therefore the zero level surface of the 
function F(x, y, z) = f(x, y) — z. The partial derivatives of F are 


F=20@y)- 0 =f-O=f 
F,= 309) -0=h-0=% 


F.= 2 (fy) - 9) = 0-15 =1. 
The formula 
FAPo)(x — Xo) + FyPo(y — yo) + F(Poy(z — 2%) = 0 
for the plane tangent to the level surface at Py therefore reduces to 


Fo, YX — Xo) + FyGo, WMY — YW) — % — %) = O. 


Plane Tangent to a Surface z = f(x, y) at (xo, yo, (X05 Yo)) 
The plane tangent to the surface z = f(x, y) of a differentiable function f at the 
point Po(x9, Yo. Z0) = (Mo, Yo. fo, Yo) is 


Fo, Yo(X — Xo) + Fy, WY — W) — &% — 2%) = O. (3) 


EXAMPLE 2 Find the plane tangent to the surface z = x cos y — ye" at (0, 0, 0). 


; The plane 
x+z-4=0 Solution We calculate the partial derivatives of f(x,y) = xcosy — ye* and use 
8(X, y, Z) Equation (3): 


FO, 0) = (cosy — ye*)og = 1—O0°-1=1 
fi, 0) = (—x sin y — e*)(0,0) =O0-1= -1. 


The tangent plane is therefore 


1-@—-0)-1*:QG@ - 0) —- ( -— 0) = 9, Eq. (3) 


or 
The ellipse E x-y-z=0. | 
d, 1, 3) 
Vf xX Vg Dee 
a EXAMPLE 3 The surfaces 
FQ Y, 2) = Fale y —2=0 A cylinder 
y 
: and 
3s The cylinder 
vr+y-2=0 
glx, y,z) =x t+z-4=0 A plane 
AX, Ys 2) 


FIGURE 14.35 This cylinder and plane meet in an ellipse E (Figure 14.35). Find parametric equations for the line tangent to E at 
intersect in an ellipse E (Example 3). the point Po(1, 1, 3). 
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Solution The tangent line is orthogonal to both Vf and Vg at Py, and therefore parallel 
to v = Vf X Vg. The components of v and the coordinates of P) give us equations for 
the line. We have 


Vi lass) = Gai + wars) = 2+ 2 
Velaas) =(@+ Kais =it+k 


ij k 
v= (Qi + 2j) X G@+k) = ]2 2 Of} = 2i- 2j — 2k. 
1 0 1 
The tangent line to the ellipse of intersection is 
x=1+ 2t, y=1- 21, z=3-2t. |_| 


Estimating Change in a Specific Direction 


The directional derivative plays the role of an ordinary derivative when we want to esti- 
mate how much the value of a function f changes if we move a small distance ds from a 
point P, to another point nearby. If f were a function of a single variable, we would have 


df = f' (Py) ds. Ordinary derivative X increment 
For a function of two or more variables, we use the formula 
df = (Vf| Py’ u) ds, Directional derivative < increment 


where u is the direction of the motion away from P,. 


Estimating the Change in f in a Direction u 

To estimate the change in the value of a differentiable function f when we move 

a small distance ds from a point P, in a particular direction u, use the formula 
df =(Vflp,;w) ds 


Directional Distance 
derivative increment 


EXAMPLE 4 Estimate how much the value of 

f(@ y, Z) = ysinx + 2yz 
will change if the point P(x, y,z) moves 0.1 unit from P,(0, 1,0) straight toward 
P,Q,.2;=2). 


Solution We first find the derivative of f at Py in the direction of the vector PP, = 
2i + j — 2k. The direction of this vector is 


PoP PoP Dé Li 2 
| PP, | 3 3 3 3 


The gradient of f at P, is 
Viloo) = ((y cos xi + (sinx + 2z)j + 2yk)o,19) = i+ 2k. 


Therefore, 


‘ 2 ghee 2 2 4 2 
fly = G+ 28)-(3i+ 43 2x) = 3 : 
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z 


P,(2, 2, nd | 2 
FIGURE 14.36 As P(x, y, z) moves off 
the level surface at Py by 0.1 unit directly 


toward P,, the function f changes value by 
approximately —0.067 unit (Example 4). 


Apoint — (x, y) 
near (X9, Yo) : 


LS a dae) 


A point where 
fis differentiable 


Z 


(Xo. Yo) NS2 S39 = 335) 


FIGURE 14.37 If f is differentiable 
at (Xo, Yo), then the value of f at any 
point (x, y) nearby is approximately 
Fo. Yo) + Fcl%o, Yo)AX + Fy, Yo)AY. 


The change df in f that results from moving ds = 0.1 unit away from Py in the direction 
of u is approximately 


df = (Vf|p,- ws) = (- on ~ —0.067 unit. 


See Figure 14.36. Oo 


How to Linearize a Function of Two Variables 


Functions of two variables can be complicated, and we sometimes need to approximate 
them with simpler ones that give the accuracy required for specific applications without 
being so difficult to work with. We do this in a way that is similar to the way we find linear 
replacements for functions of a single variable (Section 3.11). 

Suppose the function we wish to approximate is z = f(x, y) near a point (Xp, yo) at 
which we know the values of f, f,, and f, and at which f is differentiable. If we move 
from (x9, yo) to any nearby point (x, y) by increments Ax = x — x) and Ay = y — yo (see 
Figure 14.37), then the definition of differentiability from Section 14.3 gives the change 


f(x, y) — FQ, Yo) = fclX0, YoAX + fio, Yo)AY + €;Ax + EnAy, 


where €;,€, > 0 as Ax, Ay 0. If the increments Ax and Ay are small, the products 
e,Ax and €,Ay will eventually be smaller still and we have the approximation 


fy) ~ FX. Yo) + FrQo. Yo — Xo) + fo. WY — Yo)- 
L(x, y) 


In other words, as long as Ax and Ay are small, f will have approximately the same value 
as the linear function L. 


DEFINITIONS The linearization of a function f(x, y) at a point (x9, yo) where f 
is differentiable is the function 


L(x, y) = F(X, Yo) + fel%o» Vox — Xo) + Fy, YY — Yo): 
The approximation 


fy) ~ L, y) 


is the standard linear approximation of f at (Xo, yo). 


From Equation (3), we find that the plane z = L(x, y) is tangent to the surface 
z = f(x, y) at the point (x, yo). Thus, the linearization of a function of two variables is a 
tangent-plane approximation in the same way that the linearization of a function of a sin- 
gle variable is a tangent-line approximation. (See Exercise 55.) 


EXAMPLE 5 Find the linearization of 


fy) = ay t by +3 


at the point (3, 2). 


z=f y) 


FIGURE 14.38 The tangent plane 
L(x, y) represents the linearization of 
f(x, y) in Example 5. 


0 


FIGURE 14.39 The rectangular region 
R: |x — x| Sh, 


xy-plane. 


y — yo| = k inthe 
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Solution We first evaluate f, f,, and f, at the point (x, yo) = (3, 2): 


fiB.2) = 2 (< 


8,2) = 5, ( 


giving 
L(x, y) = F(X, Yo) + frQ\o, WX — Xo) + FCO, VICY — Yo) 
=8+ 4) —- 3)+ (DO - 2) = 4x -—y - 2. 
The linearization of f at (3, 2) is L(x, y) = 4x — y — 2 (see Figure 14.38). | 


When approximating a differentiable function f(x, y) by its linearization L(x, y) at 
(xo, Yo), an important question is how accurate the approximation might be. 

If we can find a common upper bound M for leg fyy|, and lfev| on arectangle R 
centered at (Xo, yo) (Figure 14.39), then we can bound the error E throughout R by 
using a simple formula (derived in Section 14.9). The error is defined by E(x, y) = 


f(x, y) — L(x, y). 


’ 


The Error in the Standard Linear Approximation 


If f has continuous first and second partial derivatives throughout an open set 
containing a rectangle R centered at (Xp, yo) and if M is any upper bound for the 
values of | Frx|> |Fyy|, and | Fa on R, then the error E(x, y) incurred in replacing 
f(x, y) on R by its linearization 


Lx, y) = fo. Yo) + FrQo, Yo — Xo) + FiO, YoY — Yo) 


satisfies the inequality 


> 


|B, y)| = 5 M(x — x0] + Ly — voll? 


To make | E(x, y)| small for a given M, we just make |x = Xo| and ly = Yo! small. 


Differentials 


Recall from Section 3.11 that for a function of a single variable, y = f(x), we defined the 
change in f as x changes from a to a + Ax by 


Af = fla + Ax) — f(a) 
and the differential of f as 
df = f'(@Ax. 


We now consider the differential of a function of two variables. 
Suppose a differentiable function f(x, y) and its partial derivatives exist at a point 
(Xp, Yo). If we move to a nearby point (x) + Ax, yy + Ay), the change in f is 


Af = f(%o + Ax, y + Ay) — flo, Yo)- 
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(a) (b) 


FIGURE 14.40 The volume of cylinder 
(a) is more sensitive to a small change in r 
than it is to an equally small change in h. 
The volume of cylinder (b) is more 
sensitive to small changes in / than it 

is to small changes in r (Example 7). 


A straightforward calculation from the definition of L(x, y), using the notation x — x) = Ax 
and y — yo = Ay, shows that the corresponding change in L is 


AL = L(x + Ax, yo + Ay) — L(X%o; yo) 
= f,(%, Yo)Ax + Fo, yo) Ay. 
The differentials dx and dy are independent variables, so they can be assigned any values. 


Often we take dx = Ax = x — x, and dy = Ay = y — yo. We then have the following 
definition of the differential or total differential of f. 


DEFINITION If we move from (4, yo) to a point (x) + dx, yo + dy) nearby, the 
resulting change 


df = f(%0, Yo) dx + fyQo, Yo) dy 


in the linearization of f is called the total differential of /. 


EXAMPLE 6 Suppose that a cylindrical can is designed to have a radius of 1 in. and a 
height of 5 in., but that the radius and height are off by the amounts dr = +0.03 and 
dh = —O.1. Estimate the resulting absolute change in the volume of the can. 


Solution To estimate the absolute change in V = mr7h, we use 
AV = dV = Vim, ho) dr + Volts ho) dh. 
With V, = 2arh and V, = mr’, we get 


dV = 2th dr + mrp* dh = 2m(1)(5)(0.03) + w(1)?(—0.1) 
= 037 —- O0.1la7 = 0.27 ~ 0.63 in? | 


EXAMPLE 7 Your company manufactures stainless steel right circular cylindrical 
molasses storage tanks that are 25 ft high with a radius of 5 ft. How sensitive are the tanks’ 
volumes to small variations in height and radius? 


Solution With V = zr’h, the total differential gives the approximation for the change 
in volume as 


dV = V,(5, 25) dr + V,(5, 25) dh 
= Qarh)595) dr + (ar?) 05,95) dh 
= 2500 dr + 257 dh. 


Thus, a l-unit change in r will change V by about 2507 units. A 1-unit change in / will 
change V by about 257 units. The tank’s volume is 10 times more sensitive to a small 
change in r than it is to a small change of equal size in h. As a quality control engineer 
concerned with being sure the tanks have the correct volume, you would want to pay spe- 
cial attention to their radii. 

In contrast, if the values of r and h are reversed to make r = 25 and h = 5, then the 
total differential in V becomes 


dV = (2arh) 25,5) dr + (arr?) 95,5) dh = 2507 dr + 6252 dh. 


Now the volume is more sensitive to changes in / than to changes in r (Figure 14.40). 
The general rule is that functions are most sensitive to small changes in the variables 
that generate the largest partial derivatives. Oo 


14.6 Tangent Planes and Differentials 845 


Functions of More Than Two Variables 
Analogous results hold for differentiable functions of more than two variables. 
1. The linearization of f(x, y, z) at a point Py(X, yo, Zo) is 

L(x, y, 2) = f%) + FAP M& — %) + FPO — yo) + FAP - %)- 


2. Suppose that R is a closed rectangular solid centered at P, and lying in an open region 
on which the second partial derivatives of f are continuous. Suppose also that 
| fxs |Foyl> Fels [fayl> [fre], and | fy;| are all less than or equal to M throughout R. 
Then the error E(x, y, z) = f(x, y, z) — L(x, y, z) in the approximation of f by L is 
bounded throughout R by the inequality 


’ ? c) > 


1 
|z| = 5 M(\x = Xe] + ly yo] * le = zal)? 


3. If the second partial derivatives of f are continuous and if x, y, and z change from Xo, yo, 
and z) by small amounts dx, dy, and dz, the total differential 


df = f,(Po) dx + fyPo) dy + fPo) dz 


gives a good approximation of the resulting change in f. 


EXAMPLE 8 Find the linearization L(x, y, z) of 
fay, Z) = x2 xy + 3sinz 


at the point (Xo, yo. Zo) = (2, 1, 0). Find an upper bound for the error incurred in replacing 
f by Lon the rectangular region 


R: |x-2|<001,  |y-—1| $0.02, |z| = 0.01. 
Solution Routine calculations give 
f(2, 1, 0) = 2, f,(2, 1, 0) = 3, fy@2, 1,0) = —2, f2, 1,0) = 3. 
Thus, 
L(x, y, 2) = 2 + 3(@ — 2) + 2)(y — 1) + 3(z — 0) = 3x — 2y + 32-2. 
Since 


fie= 2, fyy = 9, fa = —3 sm z, Ja =A, faz = 9, Fyz = 9, 


and |—3 sin z| < 3 sin 0.01 ~ 0.03, we may take M = 2 as a bound on the second par- 
tials. Hence, the error incurred by replacing f by L on R satisfies 


Exercises 14.6 | 


Tangent Planes and Normal Lines to Surfaces 
In Exercises 1—8, find equations for the 


(a) tangent plane and 


(b) normal line at the point P, on the given surface. 


1 P+y+2=3, Ad, 1,1) 

2.x + y— 2 = 18, P3, 5, —4) 

3. 22 - x? = 0, P(2, 0,2) 

4. x? + 2xy — y’ +2=7, Pi1,-1,3) 


|E| < + (2)(0.01 + 0.02 + 0.01)? = 0.0016. = 
5. cos mx — x*y + e= + yz = 4, P,(0, 1, 2) 
6. x —xy-y-—z=0, Ad, 1,-1) 
7.xt+yt+z=1, APO, 1,0) 
8. x2 + y? — Wxy —x + 3y-z2=-4, P(2,—3, 18) 


In Exercises 9-12, find an equation for the plane that is tangent to the 
given surface at the given point. 


9 2=In(x? + y), 0,0) 10.2=et”, (0,0, 1) 
11. z=Vy-—-x, (,2,1) 12. 2= 4 + y, (,1,5) 
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Tangent Lines to Intersecting Surfaces 
In Exercises 13-18, find parametric equations for the line tangent to 
the curve of intersection of the surfaces at the given point. 


13. Surfaces:x + y? + 2z7=4, x= 1 
Point: (1,1, 1) 

14. Surfaces: xyz = 1, x? + 2y? + 327 = 6 
Point: (1,1, 1) 

15. Surfaces: x7 + 2y + 2z=4, y=1 
Point: (1, 1, 1/2) 

16. Surfaces: x + y?+z=2, y=1 
Point: (1/2, 1, 1/2) 

17. Surfaces: x7 + 3x?y? + y? + 4xy 

P+y~t+2e=11 


Point: (1, 1,3) 
2 


18. Surfaces: x7 + y= 4, x +y-z=0 


Point: ( V2, V2, 4) 


Estimating Change 
19. By about how much will 


fy) =nVe t+ y+ 2 


change if the point P(x, y, z) moves from P)(3, 4, 12) a distance of 
ds = 0.1 unit in the direction of 3i + 6j — 2k? 
20. By about how much will 
FQ, y, z) = e* cos yz 


change as the point P(x, y, z) moves from the origin a distance of 
ds = 0.1 unit in the direction of 2i + 2j — 2k? 


21. By about how much will 


g(x,y, z) = x + xcosz— ysinz + y 


change if the point P(x, y, z) moves from Po(2,—1, 0) a distance 
of ds = 0.2 unit toward the point P,(0, 1, 2)? 


22. By about how much will 
h(x, y, Z) = cos (arxy) + xz? 


change if the point P(x, y, z) moves from P,(—1,—1,—1) a dis- 
tance of ds = 0.1 unit toward the origin? 


23. Temperature change along a circle Suppose that the Celsius 
temperature at the point (x, y) in the xy-plane is T(x, y) = x sin 2y 
and that distance in the xy-plane is measured in meters. A particle 
is moving clockwise around the circle of radius | m centered at 
the origin at the constant rate of 2 m/sec. 


a. How fast is the temperature experienced by the particle 
changing in degrees Celsius per meter at the point 
P(1/2, V3/2)? 

b. How fast is the temperature experienced by the particle 
changing in degrees Celsius per second at P? 


24. Changing temperature along a space curve The Celsius tem- 
perature in a region in space is given by T(x, y, z) = 2x? — xyz. 
A particle is moving in this region and its position at time f is 
given by x = 277, y = 3t, z = —?°, where time is measured in 
seconds and distance in meters. 


a. How fast is the temperature experienced by the particle 
changing in degrees Celsius per meter when the particle is at 
the point P(8, 6, —4)? 

b. How fast is the temperature experienced by the particle 
changing in degrees Celsius per second at P? 


Finding Linearizations 
In Exercises 25-30, find the linearization L(x, y) of the function at 
each point. 


25. fx%y=e2+y+1at a (0,0, b(,D 
26. fy) =@+yt2) at a (0,0), »b. (1,2) 
27. f(x,y) =3x—4y+5 at a0),  b. (1,1) 
28. f(x,y) = x*y* at a. (1, 1), b. (0, 0) 
29. f(x,y) = e*cosy at a. (0, 0), b. (0, 7/2) 


30. f(x,y) = e™ at a. (0, 0), b. (1, 2) 


31. Wind chill factor Wind chill, a measure of the apparent tem- 
perature felt on exposed skin, is a function of air temperature and 
wind speed. The precise formula, updated by the National Weather 
Service in 2001 and based on modern heat transfer theory, a 
human face model, and skin tissue resistance, is 


W = Wi, T) = 35.74 + 0.6215 T — 35.75 v®!6 
+ 0.4275 T: v®!9, 


where T is air temperature in °F and v is wind speed in mph. A 
partial wind chill chart is given. 


T(°F) 

30 25 20 15 10 5 0 -5 -10 

5/25 19 13. 7 1 5 -11 -16 —22 

1/21 15 9 3 4 -10 -16 22 —28 

. 15/19 13 6 O 7 -13 -19 -26 -32 
(mph) | 29/17 11 4 -2 9 -15 -22 -29 -35 
25/16 9 3 -4 -11 -17 -24 -31 -37 
30/15 8 1 -5 -12 -19 -26 -33 -39 
35/14 7 #O -7 -14 -21 -27 -34 -41 


a. Use the table to find W(20, 25), W(30, —10), and W(15, 15). 

b. Use the formula to find W(10, —40), W(50, —40), and 
W(60, 30). 

c. Find the linearization L(v, T) of the function W(v, T) at the 
point (25, 5). 

d. Use L(v, T) in part (c) to estimate the following wind chill 
values. 

i) W(24, 6) ii) W(27, 2) 


iii) WS, —10) (Explain why this value is much different 
from the value found in the table.) 


32. Find the linearization L(v, T) of the function W(v, T) in Exercise 
31 at the point (50,—20). Use it to estimate the following wind 
chill values. 


a. W(49, —22) 
b. W(53, —19) 
c. W(60, —30) 


Bounding the Error in Linear Approximations 

In Exercises 33-38, find the linearization L(x, y) of the function f(x, y) 
at Py. Then find an upper bound for the magnitude |£] of the error in 
the approximation f(x, y) ~ L(x, y) over the rectangle R. 


33. f(x,y) = x? — 3xy +5 at A(2, 1), 
R: |x-2| <01, |y-1] <0.1 
34. f(x,y) = (1/2)x? + xy + (1/4)y? + 3x — 3y + 4 at P(2, 2), 
R: |x-2| <01, |y-2| <0.1 
35. f(x,y) = 1+y+xcosy at PO, 0), 
R: |x| = 0.2, |y| = 02 
(Use |cos y| < 1 and |sin y| < 1 in estimating E.) 
36. f(x,y) = xy? + ycos(x — 1) at Pil, 2), 
R: |x-1| <01, |y- 2) <0.1 
37. f(x,y) = e*cosy at P(0, 0), 
R: |x| 01, |y| 0.1 
(Use e* = 1.11 and |cos y| < 1 in estimating E.) 
38. f(x,y) =Inx + Iny at Pl, 1), 
R: |x-1| £02, |y- 1] <02 


Linearizations for Three Variables 
Find the linearizations L(x, y, z) of the functions in Exercises 39-44 at 
the given points. 


39. f(x,y, Zz) = xy + yz + xzat 


a. (1, 1, 1) b. (1, 0, 0) c. (0, 0, 0) 
40. fay 2g=rt+y + 2at 

a. (1, 1, 1) b. (0, 1, 0) ec. (1, 0, 0) 
41. fix y,2 = Vee + y+ 2 at 

a. (1, 0, 0) b. (1, 1, 0) e. (1, 2, 2) 
42. f(x, y, z) = (sin xy)/z at 

a. (7/2, 1, 1) b. (2,0, 1) 


43. f(x,y, z) = e + cos (y + z) at 


T T 7 
b. (0 > 0) Cc. (0 a t) 


44. f(x,y, 2) = tan”! (xyz) at 
a. (1, 0, 0) b. (1, 1, 0) ce. (1, 1, 1) 


In Exercises 45—48, find the linearization L(x, y, z) of the function 
f(x, y, Z) at Py. Then find an upper bound for the magnitude of the 
error E in the approximation f(x, y, z) ~ L(x, y, z) over the region R. 


45. f(x,y,z) = xz — 3yz +2 at All, 1, 2), 
R: |x-1| =0.01, |y- 1] =0.01, |z—2| = 0.02 
46. fuy, DJ =e +x tyz+ (1/4)? at Pl, 1, 2), 
R: |x-1| =0.01, |y-1| $0.01, |z— 2| = 0.08 
47. f(x,y, z) = xy + 2yz — 3xz at Pol, 1, 0), 
R: |x-1| =001, |y-—1| = 0.01, |z| = 0.01 
48. f(x,y, z) = V2cosxsin(y + z) at Pe(0, 0, 7/4), 
R: |x| = 0.01, |y| < 0.01, |z- 7/4| = 0.01 


a. (0, 0, 0) 


Estimating Error; Sensitivity to Change 

49. Estimating maximum error Suppose that T is to be found 
from the formula T = x (e’ + e~”), where x and y are found to be 
2 and In 2 with maximum possible errors of |dx| = 0.1 and 


14.6 Tangent Planes and Differentials 847 


|dy| = 0.02. Estimate the maximum possible error in the com- 
puted value of T. 


50. Variation in electrical resistance The resistance R produced 


by wiring resistors of R, and R, ohms in parallel (see accompa- 
nying figure) can be calculated from the formula 


a. Show that 


a (RY 
an = (am, + (8) am 


b. You have designed a two-resistor circuit, like the one shown, 
to have resistances of R; = 100 ohms and R, = 400 ohms, 
but there is always some variation in manufacturing and the 
resistors received by your firm will probably not have these 
exact values. Will the value of R be more sensitive to varia- 
tion in R, or to variation in Ry? Give reasons for your answer. 


Lod, 
td 


c. In another circuit like the one shown, you plan to change R; 
from 20 to 20.1 ohms and R, from 25 to 24.9 ohms. By about 
what percentage will this change R? 


51. You plan to calculate the area of a long, thin rectangle from mea- 
surements of its length and width. Which dimension should you 
measure more carefully? Give reasons for your answer. 


52. a. Around the point (1, 0), is f(x, y) = x7( y + 1) more sensitive to 
changes in x or to changes in y? Give reasons for your answer. 


b. What ratio of dx to dy will make df equal zero at (1, 0)? 
53. Value of a 2 X 2 determinant If |a| is much greater than 


|b ,{c|, and \d , to which of a, b, c, and d is the value of the 
determinant 
a b 
»b, c,d) = 
f(a, b, c, d) i 


most sensitive? Give reasons for your answer. 


54. The Wilson lot size formula The Wilson lot size formula in eco- 
nomics says that the most economical quantity Q of goods (radios, 
shoes, brooms, whatever) for a store to order is given by the for- 
mula Q = V2KM/h, where K is the cost of placing the order, M 
is the number of items sold per week, and h is the weekly holding 
cost for each item (cost of space, utilities, security, and so on). To 
which of the variables K, M, and h is Q most sensitive near the 
point (Kp, Mo, ho) = (2, 20, 0.05)? Give reasons for your answer. 


Theory and Examples 

55. The linearization of f(x, y) is a tangent-plane approximation 
Show that the tangent plane at the point Py(xp, yo, F(X, Yo)) on the 
surface z = f(x, y) defined by a differentiable function f is the 
plane 


FXO, YoCX — Xo) + Fy%o, VIMY — Yo) — & — FQ, Yo)) = O 
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or 


2 = F(X, Yo) + Fro, Vox — Xo) + Fo, YoY — Yo). 


56. Change along the involute of a circle Find the derivative of 
f(x,y) = x? + y? in the direction of the unit tangent vector of 
the curve 


Thus, the tangent plane at Po is the graph of the linearization of f r(t) = (cost + tsin Ai + (sint — tcos Aj, t>0. 
at Py (see accompanying figure). 


> Ni 


(x0, Yo» fix, yo)) fi 
\ e 


57. Tangent curves A smooth curve is tangent to the surface at a 
point of intersection if its velocity vector is orthogonal to Vf there. 
Show that the curve 


ri) = Vtit Vij + Qt - Dk 


z= fix, y) 
is tangent to the surface x* + y? — z = 1 whenr = 1. 
58. Normal curves A smooth curve is normal to a_ surface 
z= Lx, y) f(y, z) = c at a point of intersection if the curve’s velocity 
vector is a nonzero scalar multiple of Vf at the point. 


>y 
Show that the curve 


ri) = Vtit Vej it + 3)k 


is normal to the surface x7 + y? — z = 3 whenr = 1. 
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HISTORICAL BIOGRAPHY 
Siméon-Denis Poisson 


(1781-1840) 


y 


FIGURE 14.41 The function 


Z = (cos x)(cos y)eé 


Very 


has a maximum value of | and a mini- 


mum value of about —0.067 on the square 


region |x| = 3a/2, 


y| <= 32/2. 


Continuous functions of two variables assume extreme values on closed, bounded domains 
(see Figures 14.41 and 14.42). We see in this section that we can narrow the search for these 
extreme values by examining the functions’ first partial derivatives. A function of two vari- 
ables can assume extreme values only at domain boundary points or at interior domain 
points where both first partial derivatives are zero or where one or both of the first partial 
derivatives fail to exist. However, the vanishing of derivatives at an interior point (a, b) does 
not always signal the presence of an extreme value. The surface that is the graph of the 
function might be shaped like a saddle right above (a, b) and cross its tangent plane there. 


Derivative Tests for Local Extreme Values 


To find the local extreme values of a function of a single variable, we look for points 
where the graph has a horizontal tangent line. At such points, we then look for local max- 
ima, local minima, and points of inflection. For a function f(x, y) of two variables, we look 
for points where the surface z = f(x, y) has a horizontal tangent plane. At such points, we 
then look for local maxima, local minima, and saddle points. We begin by defining max- 
ima and minima. 


DEFINITIONS Let f(x, y) be defined on a region R containing the point (a, b). 
Then 


1. f(a, b) is a local maximum value of f if f(a, b) = f(x, y) for all domain 
points (x, y) in an open disk centered at (a, b). 


2. f(a, b) is alocal minimum value of f if f(a, b) = f(x, y) for all domain 
points (x, y) in an open disk centered at (a, b). 


Local maxima correspond to mountain peaks on the surface z = f(x, y) and local minima 
correspond to valley bottoms (Figure 14.43). At such points the tangent planes, when they 
exist, are horizontal. Local extrema are also called relative extrema. 
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z As with functions of a single variable, the key to identifying the local extrema is the 
First Derivative Test, which we next state and prove. 


Local maxima 
(no greater value of f nearby) 
\ 


Local minimum 
(no smaller value 
of f nearby) 


FIGURE 14.42 The “roof surface” 


1 FIGURE 14.43 A local maximum occurs at a mountain peak and a 
a9 (| |x| — || | Ix] — [pI ) local minimum occurs at a valley low point. 


has a maximum value of 0 and a minimum 
value of —a on the square region |x| < a, 
ly] = a. 


THEOREM 10—First Derivative Test for Local Extreme Values If f(x, y) hasa 
local maximum or minimum value at an interior point (a, b) of its domain and if 
the first partial derivatives exist there, then f,(a, b) = 0 and f(a, b) = 0. 


Proof If f has a local extremum at (a, b), then the function g(x) = f(x, b) has a local 
of extremum at x = a (Figure 14.44). Therefore, g’(a) = 0 (Chapter 4, Theorem 2). Now 
z= fa, y) g'(a) = f(a, b), so f,(a, b) = 0. A similar argument with the function h(y) = f(a, y) 
shows that f(a, b) = 0. | 


Xe 


of 
ay =0 
—- b) If we substitute the values f,(a, b) = 0 and f,(a, b) = 0 into the equation 
jb 0) = fla») f(a, b\w — a) + f,(a, by — b) — @ — fla, b)) = 0 
| # 
aa Ue ee y for the tangent plane to the surface z = f(x, y) at (a, b), the equation reduces to 
(a, b, 0) 


0O-a-at+0-(y-b)-2z+ fiab) =0 
FIGURE 14.44 Ifa local maximum of 

f occurs at x = a, y = b, then the first 

partial derivatives f,(a, b) and f,(a, b) are z= f(a, b). 

both zero. 


or 


Thus, Theorem 10 says that the surface does indeed have a horizontal tangent plane at a 
local extremum, provided there is a tangent plane there. 


DEFINITION An interior point of the domain of a function f(x, y) where both f, 


and f, are zero or where one or both of f, and f, do not exist is a critical point 
of f. 


Theorem 10 says that the only points where a function f(x, y) can assume extreme 
values are critical points and boundary points. As with differentiable functions of a sin- 
gle variable, not every critical point gives rise to a local extremum. A differentiable 
function of a single variable might have a point of inflection. A differentiable function 
of two variables might have a saddle point, with the graph of f crossing the tangent 
plane defined there. 
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z=yt—yt— x2 


FIGURE 14.45 Saddle points at the 
origin. 


FIGURE 14.46 The graph of the 
function f(x, y) = x7 + y? — 4y + Yis 
a paraboloid which has a local minimum 
value of 5 at the point (0, 2) (Example 1). 


DEFINITION A differentiable function f(x, y) has a saddle point at a critical 
point (a, b) if in every open disk centered at (a, b) there are domain points (x, y) 
where f(x, y) > f(a, b) and domain points (x, y) where f(x, y) < f(a, b). The 
corresponding point (a, b, f(a, b)) on the surface z = f(x, y) is called a saddle 
point of the surface (Figure 14.45). 


EXAMPLE 1 Find the local extreme values of f(x, y) = x7 + y? — 4y + 9. 


Solution The domain of f is the entire plane (so there are no boundary points) and the 
partial derivatives f, = 2x and f, = 2y — 4 exist everywhere. Therefore, local extreme 
values can occur only where 


fe=2x=0 and f,=2y—-4=0. 


The only possibility is the point (0, 2), where the value of f is 5. Since f(x, y) = 
x’ + (y — 2)? + 5 is never less than 5, we see that the critical point (0, 2) gives a local 
minimum (Figure 14.46). | 


EXAMPLE 2 Find the local extreme values (if any) of f(x, y) = y? — x’. 


Solution The domain of f is the entire plane (so there are no boundary points) and the 
partial derivatives f, = —2x and f, = 2y exist everywhere. Therefore, local extrema can 
occur only at the origin (0, 0) where f, = 0 and f, = 0. Along the positive x-axis, how- 
ever, f has the value f(x, 0) = —x* < 0; along the positive y-axis, f has the value 
f(0, y) = y* > 0. Therefore, every open disk in the xy-plane centered at (0, 0) contains 
points where the function is positive and points where it is negative. The function has a 
saddle point at the origin and no local extreme values (Figure 14.47a). Figure 14.47b 
displays the level curves (they are hyperbolas) of f, and shows the function decreasing 
and increasing in an alternating fashion among the four groupings of hyperbolas. | | 


That f, = fy = 0 at an interior point (a, b) of R does not guarantee f has a local 
extreme value there. If f and its first and second partial derivatives are continuous on R, 
however, we may be able to learn more from the following theorem, proved in Section 14.9. 


THEOREM 11—Second Derivative Test for Local Extreme Values Suppose 
that f(x, y) and its first and second partial derivatives are continuous throughout a 
disk centered at (a, b) and that f,(a, b) = f,(a, b) = 0. Then 

i) f has a local maximum at (a, b) if f,, < 0 and fxfyy — eee > 0 at (a, dD). 
ii) f has a local minimum at (a, b) if f., > 0 and fy. fy — Tos? > 0 at (a, D). 
iii) f has a saddle point at (a, b) if ffyy — Tey < 0 at (a, D). 


iv) the test is inconclusive at (a, b) if frfyy — i = 0 at (a, D). In this case, 
we must find some other way to determine the behavior of f at (a, b). 


. 2 . . . s . . 
The expression f,.f}, — fry” 18 called the discriminant or Hessian of f. It is some- 
times easier to remember it in determinant form, 


f XX f xy 
fry fry 
Theorem 11 says that if the discriminant is positive at the point (a, b), then the surface curves 
the same way in all directions: downward if f,,. < 0, giving rise to a local maximum, and 


Faby ~ ie a 


FIGURE 14.47 (a) The origin is a saddle 
point of the function f(x, y) = y? — x?. 
There are no local extreme values 
(Example 2). (b) Level curves for 


the function f in Example 2. 


FIGURE 14.48 The surface 


z= 3y? — 2y> — 3x? + Oxy has a saddle 
point at the origin and a local maximum at 
the point (2, 2) (Example 4). 
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upward if f,,. > 0, giving a local minimum. On the other hand, if the discriminant is nega- 
tive at (a, b), then the surface curves up in some directions and down in others, so we have a 
saddle point. 

EXAMPLE 3 Find the local extreme values of the function 


f(x, y) = xy x y? 2x — 2y + 4. 


Solution The function is defined and differentiable for all x and y, and its domain has no 
boundary points. The function therefore has extreme values only at the points where f, 
and f,, are simultaneously zero. This leads to 


=r 2=0, jf, 2-29 250, 
or 
x=y=-2. 


Therefore, the point (—2, —2) is the only point where f may take on an extreme value. To 
see if it does so, we calculate 


fe=-2, fy=-2, fg =. 
The discriminant of f at (a, b) = (—2,—2) is 
jgig = ie =e Hy Ha = Ls. 


The combination 


i < 0 and fof yy ~ i > 0 


tells us that f has a local maximum at (—2,—2). The value of f at this point is 
f(-2, -2) = 8. | 


EXAMPLE 4 Find the local extreme values of f(x, y) = 3y* — 2y? — 3x? + 6xy. 


Solution Since f is differentiable everywhere, it can assume extreme values only where 
fy, = 6y — 6x = 0 and fy = Oy — 6y? + 6x = 0. 


From the first of these equations we find x = y, and substitution for y into the second 
equation then gives 


6x — 6x* + 6x = 0 or 6x (2 — x) = 0. 


The two critical points are therefore (0, 0) and (2, 2). 
To classify the critical points, we calculate the second derivatives: 


fx=—6 fy =6- Ly, fry = 6 


The discriminant is given by 
fady = Fe” = 36 + 72y) — 36 = 72y = 1). 


At the critical point (0, 0) we see that the value of the discriminant is the negative number 
—72, so the function has a saddle point at the origin. At the critical point (2, 2) we see that 
the discriminant has the positive value 72. Combining this result with the negative value of 
the second partial f,, = —6, Theorem 11 says that the critical point (2, 2) gives a local 
maximum value of f(2,2) = 12 — 16 — 12 + 24 = 8.A graph of the surface is shown 
in Figure 14.48. | 


EXAMPLE 5 Find the critical points of the function f(x, y) = 10xye~°*»” and use 
the Second Derivative Test to classify each point as one where a saddle, local minimum, or 
local maximum occurs. 
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~(0? + y4) 


z= 10xye 


FIGURE 14.49 A graph of the function 
in Example 5. 


Solution First we find the partial derivatives f, and f, and set them simultaneously to 
zero in seeking the critical points: 


2x* = 0, 
2y? = 0. 


fr. = yet”) — 20x2ye" 4) = 10y(1 — 2x2)e7 9) = OS y =0orl 
fy = xe +”) — 20xy2e“ +) = 10x(1 — 2y2)e“ +) = 0x =O0orl 


Since both partial derivatives are continuous everywhere, the only critical points are 


0.0 Sys) pce) (aca) (-dg 


Next we calculate the second partial derivatives in order to evaluate the discriminant 
at each critical point: 


= —20xy(1 — 2x7)e& 4) — 40xye—@+) = —20xy(3 — 2x2)e“ 49”), 
fe = 10(1 — 2x2)e“ +») — 20y2(1 — 2x?)e“@ 4) = 10(1 — 2x?)(1 


hy= —20xy(1 — Qy?)e7 +9) - A0xye~ +>) = —20xy(3 - 2y2)e— ty"), 


Pa 
| 


Qy*)e" ty), 


Sh 
3 
II 


The following table summarizes the values needed by the Second Derivative Test. 


Critical 
Point Fx fry ty Discriminant D 
(0, 0) 0 10 0 —100 
(+ +) 20 » 22 400 
ze : : é 


From the table we find that D < 0 at the critical point (0, 0), giving a saddle; D > 0 and 
fee < 0 at the critical points (1/V2, 1/V2) and (- 1/V2,- 1/V2), giving local maxi- 
mum values there; and D > 0 and f,, > O at the critical points (- 1/ ee 1/ V2) and 
(1 / V2,-1 / V2), each giving local minimum values. A graph of the surface is shown in 


Figure 14.49. a 


Absolute Maxima and Minima on Closed Bounded Regions 


We organize the search for the absolute extrema of a continuous function f(x, y) on a 
closed and bounded region R into three steps. 


1. List the interior points of R where f may have local maxima and minima and evaluate 
f at these points. These are the critical points of f. 


2. List the boundary points of R where f has local maxima and minima and evaluate f at 
these points. We show how to do this in the next example. 


3. Look through the lists for the maximum and minimum values of f. These will be the 
absolute maximum and minimum values of f on R. Since absolute maxima and min- 
ima are also local maxima and minima, the absolute maximum and minimum values 
of f appear somewhere in the lists made in Steps | and 2. 


—60F (9, 0, -—61) 


(b) 


FIGURE 14.50 (a) This triangular 
region is the domain of the function in 
Example 6. (b) The graph of the function 
in Example 6. The blue points are the 
candidates for maxima or minima. 
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EXAMPLE 6 Find the absolute maximum and minimum values of 
f(x,y) = 2+ 2x + 4y — x? - y’ 


on the triangular region in the first quadrant bounded by the lines x = 0, y = 0, and 
y=9-x. 


Solution Since f is differentiable, the only places where f can assume these values are 
points inside the triangle (Figure 14.50a) where f, = f, = 0 and points on the boundary. 


(a) Interior points. For these we have 
fe=2-2x=0, fp=4-2y=0, 
yielding the single point (x, y) = (1, 2). The value of f there is 
f(, 2) = 7. 
(b 


~— 


Boundary points. We take the triangle one side at a time: 
i) On the segment OA, y = 0. The function 
f(x,y) = fx, 0) = 2 + 2x — x? 


may now be regarded as a function of x defined on the closed interval 0 = x <= 9. Its 
extreme values (we know from Chapter 4) may occur at the endpoints 


x=0 where f(0, 0) = 2 
x=9 where f9,0) = 2+ 18 — 81 = —-61 


and at the interior points where f’(x, 0) = 2 — 2x = 0. The only interior point where 
f'(x, 0) = Ois x = 1, where 


F(x, 0) = F(1, 0) = 3. 
ii) On the segment OB, x = 0 and 


fy) = fO,y) =2+ 4y—- y’. 


As in part i), we consider f(0, y) as a function of y defined on the closed interval 
[0,9]. Its extreme values can occur at the endpoints or at interior points where 
f'(O, y) = 0. Since f'(0, y) = 4 — 2y, the only interior point where f’(0, y) = 0 
occurs at (0, 2), with f(0, 2) = 6. So the candidates for this segment are 


f(0, 0) = 2, f(0, 9) = —43, f(0, 2) = 6. 


iii) We have already accounted for the values of f at the endpoints of AB, so we need 
only look at the interior points of the line segment AB. With y = 9 — x, we have 


f(x,y) = 2+ 2x + 49 — x) — x? — O — x) = —43 + 16x — 2x”. 
Setting f’(x,9 — x) = 16 — 4x = 0 gives 
x= 4. 
At this value of x, 
y=9-4=5 and fa y) = f(4,5) =—-11. 
Summary We list all the function value candidates: 7, 2,—61, 3, —43, 6, —11. The maxi- 


mum is 7, which f assumes at (1, 2). The minimum is —61, which f assumes at (9, 0). See 
Figure 14.50b. | 


Solving extreme value problems with algebraic constraints on the variables usually 
requires the method of Lagrange multipliers introduced in the next section. But sometimes 
we can solve such problems directly, as in the next example. 
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Girth = distance 
around here 


<a 


FIGURE 14.51 The box in Example 7. 


EXAMPLE 7 A delivery company accepts only rectangular boxes the sum of whose 
length and girth (perimeter of a cross-section) does not exceed 108 in. Find the dimensions 
of an acceptable box of largest volume. 


Solution Let x, y, and z represent the length, width, and height of the rectangular box, 
respectively. Then the girth is 2y + 2z. We want to maximize the volume V = xyz of the 
box (Figure 14.51) satisfying x + 2y + 2z = 108 (the largest box accepted by the deliv- 
ery company). Thus, we can write the volume of the box as a function of two variables: 


Vy, z) = (108 — 2y — 2z)yz - ee = => 
= 108yz — 2y’z — 2yz”. 


Setting the first partial derivatives equal to zero, 
V,(y, 2) = 108z — 4yz — 22 = (108 — 4y — 2z)2 =0 
Vy, z) = 108y — 2y? — 4yz = (108 — 2y — 4z)y = 0, 
gives the critical points (0, 0), (0, 54), (54, 0), and (18, 18). The volume is zero at (0, 0), 


(0, 54), and (54, 0), which are not maximum values. At the point (18, 18), we apply the 
Second Derivative Test (Theorem 11): 


Vy = —42z, V,, = -4, V,. = 108 — 4y — 4z. 


Then 
VV = Vy” = 16ye — 1627 — y — zy. 
Thus, 
V,,(18, 18) = —4(18) < 0 
and 


[ VyVez — Voz? |agisy = 16(18)(18) — 16-9)? > 0 


imply that (18,18) gives a maximum volume. The dimensions of the package are 
x = 108 — 2(18) — 218) = 36in., y = 18 in., and z = 18 in. The maximum volume is 
V = (36)(18)(18) = 11,664 in’, or 6.75 ft?. H 


Despite the power of Theorem 11, we urge you to remember its limitations. It does 
not apply to boundary points of a function’s domain, where it is possible for a function to 
have extreme values along with nonzero derivatives. Also, it does not apply to points 
where either f, or f, fails to exist. 


Summary of Max-Min Tests 


The extreme values of f(x, y) can occur only at 


i) boundary points of the domain of f 
ii) critical points (interior points where f, = f, = 0 or points where f, or f,, 
fails to exist). 


If the first- and second-order partial derivatives of f are continuous throughout a 
disk centered at a point (a, b) and f(a, b) = f(a, b) = 0, the nature of f(a, b) 


can be tested with the Second Derivative Test: 


i) fy < Oand fifi — fry? > Oat (a, b) = local maximum 
ii) f,. > Oand fufyy — fry? > Oat (a,b) = local minimum 
iii) fiufyy — fry? < Oat (a,b) = saddle point 


iv) fofyy — fry? = 0 at (a, b) = test is inconclusive 


Exercises 


Finding Local Extrema 
Find all the local maxima, local minima, and saddle points of the 
functions in Exercises 1—30. 


1. fy) =x? + xy + y? + 3x - 3y +4 


2. f(x,y) = 2xy — 5x? — 2y? + 4x + 4y — 4 

3. f(x,y) = x7 + xy + 3x + 2v+ 5 

4. f(x,y) = Sxy — 7x? + 3x — 6y + 2 

5. f(x,y) = 2xy — x? — 2? + 3x + 4 

6. f(x,y) =x -— 4xy + y+ 6y + 2 

7. f(x,y) = 2x + 3xy + 4y? — Sx + 2y 

8. f(x,y) = x? — Qxy + 2y? -— 2x + 2y +1 

9. f(x,y) =x? -y-2x+ 4y+6 

10. f(x, y) = x7 + 2xy 

11. f(x,y) = V56x2 — 8y? — 16x — 31 + 1 — 8x 


— 
N 


. fay =1-We+y 
fey Hx = 7 Beye 6 


—_ 
im) 


14. f(x,y) = x9 + 3xy + y3 

15. f(x, y) = 6x? — 2x3 + 3y? + 6xy 

16. f(x,y) =x + y3 + 3x? — 3y - 8 

17. f(x,y) = x3 + 3xy? — 15x + y3 — I5y 
18. f(x, y) = 2x3 + 2y>? — 9x? + 3y? — 12y 
19. f(x,y) = 4xy — x* — y4 


20. f(x,y) = x4 + yt + 4xy 

21. oe) eae oar 22. fly) = Etat 
23. f(x,y) = ysinx 24. f(x,y) = e* cosy 
25. f(xy) = ete 26. f(x, y) = e& — yer 
27. fay = Ow +y) 28. /@9) = e@? -—y) 
29. f(x,y) = 2Inx + Iny - 4x —-—y 


30. fx. y)=In@tyt+x-y 


Finding Absolute Extrema 
In Exercises 31-38, find the absolute maxima and minima of the func- 
tions on the given domains. 


31. f(x,y) = 2x? — 4x + y? — 4y + 1 on the closed triangular plate 
bounded by the lines x = 0, y = 2, y = 2x in the first quadrant 

32. D(x, y) = x? — xy + y? + | on the closed triangular plate in the 
first quadrant bounded by the lines x = 0,y = 4,y = x 

33. f(x, y) = x* + y* on the closed triangular plate bounded by the 
lines x = 0, y = 0, y + 2x = 2 in the first quadrant 

34. T(x, y) = x? + xy 
0sSx55,-35y 

35. T(x, y) = x? + xy + y? — 6x + 2 on the rectangular plate 
0H e=5,-3 = y= 0 


y* — 6x on the rectangular plate 
=3 


36. f(x, y) = 48xy — 32x37 — 24y? on the rectangular plate 
0O=xe 10Zy=1 

37. f(x, y) = (4x — x?) cosy on the rectangular plate 1 = x < 3, 
—1/4 < y = 7/4 (see accompanying figure) 


38. 


39. 


40. 


41. 


42. 
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z= (4x — x?) cos y 


f(x, y) = 4x — 8xy + 2y + 1 on the triangular plate bounded by 
the lines x = 0, y = 0,x + y = 1 in the first quadrant 


Find two numbers a and b with a = b such that 


b 
[-s- 2a 


has its largest value. 


Find two numbers a and b with a = b such that 
b 
/ (24 — 2x — x7)" dx 
a 


has its largest value. 


Temperatures A flat circular plate has the shape of the region 


x? +y?< 1. The plate, including the boundary where 


x? + y? = 1, is heated so that the temperature at the point (x, y) is 


T(x, y) = x? + 2y2-— x. 
Find the temperatures at the hottest and coldest points on the plate. 
Find the critical point of 


f(x,y) = xy + 2x — Inx’y 


in the open first quadrant (x > 0, y > 0) and show that f takes 
on a minimum there. 


Theory and Examples 


43. 


44. 


Find the maxima, minima, and saddle points of f(x, y), if any, 
given that 


a. fy = 2x —4y and fy = 2y — 4x 
b. f, = 2x —2 and f,=2y—4 
ce fp =9x°-9 and f, = 2y +4 
Describe your reasoning in each case. 


The discriminant f..f,, — f yi is zero at the origin for each of the 
following functions, so the Second Derivative Test fails there. 
Determine whether the function has a maximum, a minimum, or 
neither at the origin by imagining what the surface z = f(x, y) 
looks like. Describe your reasoning in each case. 


a. f(x,y) = xy’ b. fx, y) = 1 — xy? 
G& f%y) =a d. f(x,y) = xy? 
e. f(x,y) = xy? f. f(x, y) = xty4 
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45. 


46. 


47. 


48. 


49. 


50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 
59. 


60. 
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Show that (0, 0) is a critical point of f(x, y) = x7 + kxy + y? no 
matter what value the constant k has. (Hint: Consider two cases: 
k = Oandk #0.) 


For what values of the constant k does the Second Derivative Test 
guarantee that f(x, y) = x* + kxy + y’ will have a saddle point at 
(0, 0)? A local minimum at (0, 0)? For what values of k is the Sec- 
ond Derivative Test inconclusive? Give reasons for your answers. 


If f(a, b) = f\(a, b) = 0, must f have a local maximum or min- 
imum value at (a, b)? Give reasons for your answer. 


Can you conclude anything about f(a, b) if f and its first and sec- 
ond partial derivatives are continuous throughout a disk centered 
at the critical point (a, b) and f,,(a, b) and f,,(a, b) differ in sign? 
Give reasons for your answer. 

Among all the points on the graph of z = 10 — x* — y* that lie 
above the plane x + 2y + 3z = 0, find the point farthest from 
the plane. 


Find the point on the graph of z = x7 + y? + 10 nearest the plane 
x+ 2y— <= 0. 

Find the point on the plane 3x + 2y + z = 6 that is nearest the 
origin. 

Find the minimum distance from the point (2, —1, 1) to the plane 
RP yw 2. 

Find three numbers whose sum is 9 and whose sum of squares is a 


minimum. 


Find three positive numbers whose sum is 3 and whose product is 
a maximum. 


Find the maximum value of 
xty+z=6. 

Find the minimum distance from the cone z = Vx? + y? to the 
point (—6, 4, 0). 


Find the dimensions of the rectangular box of maximum volume 
that can be inscribed inside the sphere x7 + y? + 2? = 4. 


Ss =xy + yz + xz where 


Among all closed rectangular boxes of volume 27 cm?, what is 
the smallest surface area? 


You are to construct an open rectangular box from 12 ft? of mate- 
rial. What dimensions will result in a box of maximum volume? 


Consider the function f(x,y) = x7 + y? + 2xy-x-y+1 


over the squaeO SxS landOSy=1. 


a. Show that f has an absolute minimum along the line segment 
2x + 2y = 1 in this square. What is the absolute minimum 
value? 


b. Find the absolute maximum value of f over the square. 


To find the extreme val- 


ues of a function f(x, y) on a curve x = x(t), y = y(t), we treat f as a 
function of the single variable ¢ and use the Chain Rule to find where 
df /dt is zero. As in any other single-variable case, the extreme values 
of f are then found among the values at the 


a. critical points (points where df / dt is zero or fails to exist), and 


b. endpoints of the parameter domain. 


Find the absolute maximum and minimum values of the following 
functions on the given curves. 


61. 


Functions: 


a f(x y)=xty be gayy=x~ ¢ h(x,y) = 2x7 + y? 


62. 


63. 


64. 


65. 


Curves: 
i) The semicircle x? + y? = y=0 
x20, y=O0 


Use the parametric equations x = 2 cost, y = 2 sint. 


ii) The quarter circle x7 + y* = 4, 


Functions: 

a. f(x,y) = 2x + 3y 
b. gy) = xy 

c. h(x, y) = x? + 3y? 
Curves: 


i) The semiellipse (x?/9) + (y?/4) = 1, y=0 


ii) The quarter ellipse (x7/9) + (y?/4) =1, x20, y2O 
Use the parametric equations x = 3 cost, y = 2 sint. 
Function: f(x, y) = xy 
Curves: 

i) The line x = 27, y=r+t+1 

ii) The line segment x = 24, y=?r+ 1, 1=r=0 
iii) The line segment x = 2, y=rt+1, O=Srsl 
Functions: 

a. fi,y =x +y 
b. g(x,y) = 1/(x7 + y?) 
Curves: 

i) Thelinex =¢4, y= 2 —- 2t 

ii) The line segmentx = 17, y=2-24, 0OSt=1 


Least squares and regression lines When we try to fit a line 
y=mx+b to a set of numerical data points (x,y), 
(Xp, Vo), - ++» (Xps Y,), We usually choose the line that minimizes 
the sum of the squares of the vertical distances from the points to 
the line. In theory, this means finding the values of m and b that 
minimize the value of the function 


w= (mx, + b— yy)? + +--+ + (mx, + b- y,). (1) 
(See the accompanying figure.) Show that the values of m and b 


that do this are 


(Bx) rer 


(3) 150 
b= t(D» = mx) (3) 


with all sums running from k = 1 to k = n. Many scientific cal- 
culators have these formulas built in, enabling you to find m and 
b with only a few keystrokes after you have entered the data. 

The line y = mx + b determined by these values of m and 
b is called the least squares line, regression line, or trend line 
for the data under study. Finding a least squares line lets you 


1. summarize data with a simple expression, 


2. predict values of y for other, experimentally untried values 
of x, 


3. handle data analytically. 


We demonstrated these ideas with a variety of applications in Sec- 
tion 1.4. 
By 


i) Pn» Yn) 


Pix, 1) y=mxt+b 


Po(X2, 2) 


In Exercises 66-68, use Equations (2) and (3) to find the least squares 
line for each set of data points. Then use the linear equation you 
obtain to predict the value of y that would correspond to x = 4. 


66. (—2,0), (0,2), (2,3) 67. (1,2), 0,1), G,—4) 
68. (0, 0), (1, 2), (2, 3) 
COMPUTER EXPLORATIONS 


In Exercises 69-74, you will explore functions to identify their local 
extrema. Use a CAS to perform the following steps: 


a. Plot the function over the given rectangle. 


b. Plot some level curves in the rectangle. 
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74. 


- $y) = x? + y? — Bay, 
» fy) = x - 3xy? + y’, 
. f(x,y) = x4 + y? — 8x? — by + 16, 


~ f(x, y) = 2x4 + y4 — 2x? — 2y? + 3, 
2 


. f(x,y) = Sx® + 18x 
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. Calculate the function’s first partial derivatives and use the CAS 


equation solver to find the critical points. How do the critical 
points relate to the level curves plotted in part (b)? Which critical 
points, if any, appear to give a saddle point? Give reasons for your 
answer. 


. Calculate the function’s second partial derivatives and find the dis- 


criminant fifyy — ts 


. Using the max-min tests, classify the critical points found in part (c). 


Are your findings consistent with your discussion in part (c)? 
2 5<x=5, -5<y<5 


=—2= y= 2 


22 x= 2, 


3S x4 =.3,; 
-6=ys=6 


3/2 =x = 3/2, 
—3/2<y<3/ 


30x* + 30xy? 
-4=x=3, -2sy=2 


fle.) = {* Ine eh Geos 0,0) 
cae (2) (x, y) = 0,0)’ 
=S2= 722, =2= y= 2 


120x?, 


HISTORICAL BIOGRAPHY 
Joseph Louis Lagrange 


(1736-1813) 


Sometimes we need to find the extreme values of a function whose domain is constrained 
to lie within some particular subset of the plane—for example, a disk, a closed triangular 
region, or along a curve. We saw an instance of this situation in Example 6 of the previous 
section. Here we explore a powerful method for finding extreme values of constrained 
functions: the method of Lagrange multipliers. 


Constrained Maxima and Minima 


To gain some insight, we first consider a problem where a constrained minimum can be 
found by eliminating a variable. 


EXAMPLE 1 


est to the origin. 


Find the point p(x, y, z) on the plane 2x + y — z — 5 = 0 that is clos- 


Solution The problem asks us to find the minimum value of the function 


JOP | = Va-0F + GO - F + — OF 
eer 
subject to the constraint that 
2ax+y—-z-5=0. 
Since |OP | has a minimum value wherever the function 


fy, Zz) = x + y? + 22 
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FIGURE 14.52 The hyperbolic cylinder 
x? — 2 — | = 0 in Example 2. 


has a minimum value, we may solve the problem by finding the minimum value of f(x, y, z) 
subject to the constraint 2x + y — z — 5 = 0 (thus avoiding square roots). If we regard x 
and y as the independent variables in this equation and write z as 


z=2x+y-—5, 
our problem reduces to one of finding the points (x, y) at which the function 
h(x, y) = fay y,2x t+y-— 5) =x? + y? + Qx+y— 5) 


has its minimum value or values. Since the domain of / is the entire xy-plane, the First Deriva- 
tive Test of Section 14.7 tells us that any minima that / might have must occur at points where 


h, = 2x + 2(2x + y — 5)(2) = 0, h, = 2y + 22x + y — 5) = 0. 
This leads to 
10x + 4y = 20, 4x + 4y = 10, 
and the solution 


a) B) 


“a oe 
We may apply a geometric argument together with the Second Derivative Test to show that 
these values minimize h. The z-coordinate of the corresponding point on the plane 


z=2x+y-— Sis 
5 5 5 
:=2(3) +3 3 = 6 
Therefore, the point we seek is 


ee 33 _5 
Closest point: (3, 6° 5), 


Xx 


The distance from P to the origin is 5/ V6 ~ 2.04. | 


Attempts to solve a constrained maximum or minimum problem by substitution, as 
we might call the method of Example 1, do not always go smoothly. This is one of the 
reasons for learning the new method of this section. 


EXAMPLE 2 Find the points on the hyperbolic cylinder x7 — z? — 1 = 0 that are 
closest to the origin. 


Solution 1 The cylinder is shown in Figure 14.52. We seek the points on the cylinder clos- 
est to the origin. These are the points whose coordinates minimize the value of the function 


f@, y, Zz) = x2 + y? +2 Square of the distance 


subject to the constraint that x7 — z? — 1 = 0. If we regard x and y as independent vari- 
ables in the constraint equation, then 


z = x2 _ 1 
and the values of f(x, y, z) = x” + y* + 2? on the cylinder are given by the function 
hy) =x + y+ (x2 — 1) = 2)? + y—- 1. 


To find the points on the cylinder whose coordinates minimize f, we look for the points in 
the xy-plane whose coordinates minimize h. The only extreme value of h occurs where 


h, = 4x =0 and h, = 2y = 0, 


that is, at the point (0, 0). But there are no points on the cylinder where both x and y are 
zero. What went wrong? 


The hyperbolic cylinder x? — 2? = 1 


On this part, On this part, 


x=V2H+1 


N 


x=-V24+1 


FIGURE 14.53 The region in the xy-plane 
from which the first two coordinates of the 
points (x, y, z) on the hyperbolic cylinder 

x? — 2 = 1 are selected excludes the band 


—1 <x < 1 in the xy-plane (Example 2). 


r-2-1=0 z 


FIGURE 14.54 A sphere expanding 
like a soap bubble centered at the origin 


until it just touches the hyperbolic cylinder 
x? — 2 — 1 = 0 (Example 2). 
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What happened was that the First Derivative Test found (as it should have) the point 
in the domain of h where h has a minimum value. We, on the other hand, want the points 
on the cylinder where h has a minimum value. Although the domain of / is the entire 
xy-plane, the domain from which we can select the first two coordinates of the points (x, y, z) 
on the cylinder is restricted to the “shadow” of the cylinder on the xy-plane; it does not 
include the band between the lines x = —1 and x = 1 (Figure 14.53). 

We can avoid this problem if we treat y and z as independent variables (instead of x 
and y) and express x in terms of y and z as 


er= 2+), 
With this substitution, f(x, y, z) = x? + y* + z* becomes 
ky d=(2+1)+yV~t+2=14+y 4 22 


and we look for the points where k takes on its smallest value. The domain of k in the 
yz-plane now matches the domain from which we select the y- and z-coordinates of the 
points (x, y, z) on the cylinder. Hence, the points that minimize k in the plane will have cor- 
responding points on the cylinder. The smallest values of k occur where 


ky = 2y=0 and k, = 42 =0, 
or where y = z = 0. This leads to 
e=P4+1=1, ea 
The corresponding points on the cylinder are (+ 1, 0, 0). We can see from the inequality 
kKy,j=1+y+2221 


that the points (+ 1, 0, 0) give a minimum value for k. We can also see that the minimum 
distance from the origin to a point on the cylinder is | unit. 


Solution 2 Another way to find the points on the cylinder closest to the origin is to 
imagine a small sphere centered at the origin expanding like a soap bubble until it just 
touches the cylinder (Figure 14.54). At each point of contact, the cylinder and sphere have 
the same tangent plane and normal line. Therefore, if the sphere and cylinder are repre- 
sented as the level surfaces obtained by setting 


fuayDJ=artyt2-a and g(i4yD=xX-2-1 


equal to 0, then the gradients Vf and Vg will be parallel where the surfaces touch. At any 
point of contact, we should therefore be able to find a scalar A (“lambda”) such that 


Vf =AVg, 
or 
2xi + 2yj + 2zk = A(2xi — 2zk). 
Thus, the coordinates x, y, and z of any point of tangency will have to satisfy the three sca- 
lar equations 


2x = 2Xrx, 2y = 0, 2z = —2Az. 


For what values of A will a point (x, y, z) whose coordinates satisfy these scalar equa- 
tions also lie on the surface x2 — z? — 1 = 0? To answer this question, we use our knowI- 
edge that no point on the surface has a zero x-coordinate to conclude that x # 0. Hence, 
2x = 2Ax only if 


2 = 24, or A=1. 
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For A = 1, the equation 2z = —2Az becomes 2z = —2z. If this equation is to be satisfied 
as well, z must be zero. Since y = 0 also (from the equation 2y = 0), we conclude that 
the points we seek all have coordinates of the form 


(x, 0, 0). 


What points on the surface x* — z* = 1 have coordinates of this form? The answer is the 
points (x, 0, 0) for which 


x — (0? = 1, ale or x= 21, 


The points on the cylinder closest to the origin are the points (+ 1, 0, 0). | 


The Method of Lagrange Multipliers 


In Solution 2 of Example 2, we used the method of Lagrange multipliers. The method 
says that the local extreme values of a function f(x, y, z) whose variables are subject to a 
constraint g(x, y, z) = 0 are to be found on the surface g = 0 among the points where 


Vf =AVg 


for some scalar A (called a Lagrange multiplier). 
To explore the method further and see why it works, we first make the following 
observation, which we state as a theorem. 


THEOREM 12—The Orthogonal Gradient Theorem Suppose that f(x, y, z) is 
differentiable in a region whose interior contains a smooth curve 


C: x(t) = xi + yj + z(Hk. 


If Py is a point on C where f has a local maximum or minimum relative to its 
values on C, then Vf is orthogonal to C at Pp. 


Proof We show that Vf is orthogonal to the curve’s tangent vector r’ at P). The values 
of f on C are given by the composite f(x(1), y(), z(t), whose derivative with respect to ¢ is 
df of dx , of dy of dz 


a ua wd ea 


At any point P) where f has a local maximum or minimum relative to its values on the 
curve, df /dt = 0, so 


Vir’ =0. | 


By dropping the z-terms in Theorem 12, we obtain a similar result for functions of 
two variables. 


COROLLARY At the points on a smooth curve r(t) = x(f)i + y(Nj where a dif- 
ferentiable function f(x, y) takes on its local maxima and minima relative to its 
values on the curve, Vf+r’ = 0. 


Theorem 12 is the key to the method of Lagrange multipliers. Suppose that f(x, y, z) 
and g(x, y, z) are differentiable and that P, is a point on the surface g(x, y, z) = O where f 
has a local maximum or minimum value relative to its other values on the surface. We 
assume also that Vg # 0 at points on the surface g(x, y, z) = 0. Then f takes on a local 
maximum or minimum at P, relative to its values on every differentiable curve through P, 


FIGURE 14.55 Example 3 shows how 
to find the largest and smallest values of 
the product xy on this ellipse. 
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on the surface g(x, y, z) = 0. Therefore, Vf is orthogonal to the tangent vector of every 
such differentiable curve through Py. So is Vg, moreover (because V g is orthogonal to the 
level surface g = 0, as we saw in Section 14.5). Therefore, at Py), Vf is some scalar mul- 
tiple A of Vg. 


The Method of Lagrange Multipliers 


Suppose that f(x, y,z) and g(x, y,z) are differentiable and Vg ~ 0 when 
g(x, y, z) = 0. To find the local maximum and minimum values of f subject to 
the constraint g(x, y, z) = 0 (if these exist), find the values of x, y, z, and A that 
simultaneously satisfy the equations 


Vf =AVeg and g(x, y, Z) = 0. (1) 


For functions of two independent variables, the condition is similar, but without 
the variable z. 


Some care must be used in applying this method. An extreme value may not actually exist 
(Exercise 45). 


EXAMPLE 3 Find the greatest and smallest values that the function 


f(y) = xy 
takes on the ellipse (Figure 14.55) 


Solution We want to find the extreme values of f(x, y) = xy subject to the constraint 


2 2: 
Li == HG 1=0. 


To do so, we first find the values of x, y, and A for which 
Vf =AVg and g(x, y) = 0. 


The gradient equation in Equations (1) gives 


yi + xj = tad + Api, 


from which we find 


2K = LA ¥ 
aes x = Ay, and y= a 
so that y = 0 or A = +2. We now consider these two cases. 
Casel: If y = 0, then x = y = 0. But (0, 0) is not on the ellipse. Hence, y # 0. 
Case2: If y # 0, then A = +2 and x = +2y. Substituting this in the equation 
g(x, y) = 0 gives 


tay y? 
ee a, dy+4y2=8 and y= Hi, 


The function f(x, y) = xy therefore takes on its extreme values on the ellipse at the four 
points (+ 2, 1), (+2, —1). The extreme values are xy = 2 and xy = —2. 
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S 


ee ae 


FIGURE 14.56 When subjected to the 
y?/2-1=0, 
the function f(x, y) = xy takes on extreme 
values at the four points (+2, +1). These 
are the points on the ellipse when Vf (red) 


constraint g(x, y) = x”/8 4 


is a scalar multiple of Vg (blue) (Example 3). 


Vf = 3i + 4j = 2V¢ 


FIGURE 14.57 The function f(x, y) = 
3x + 4y takes on its largest value on the 
unit circle g(x, y) = x7 + y? — 1 = Oat 
the point (3/5, 4/5) and its smallest value 
at the point (—3/5, —4/5) (Example 4). At 
each of these points, Vf is a scalar mul- 
tiple of Vg. The figure shows the gradients 
at the first point but not the second. 


The Geometry of the Solution The level curves of the function f(x, y) = xy are the 
hyperbolas xy = c (Figure 14.56). The farther the hyperbolas lie from the origin, the larger 
the absolute value of f. We want to find the extreme values of f(x, y), given that the point 
(x, y) also lies on the ellipse x* + 4y? = 8. Which hyperbolas intersecting the ellipse lie 
farthest from the origin? The hyperbolas that just graze the ellipse, the ones that are tangent 
to it, are farthest. At these points, any vector normal to the hyperbola is normal to the 
ellipse, so Vf = yi + xj is a multiple (A = +2) of Vg = («/4)i + yj. At the point 
(2, 1), for example, 


Vf=i+2j Ve=5ith and Vf =2Y¢. 
At the point (—2, 1), 
oe oe Ve=—5itj, ia roy = 
EXAMPLE 4 Find the maximum and minimum values of the function f(x, y) = 


3x + 4y on the circle x7 + y? = 1. 


Solution We model this as a Lagrange multiplier problem with 
f(x, y) = 3x + 4y, 
and look for the values of x, y, and A that satisfy the equations 
Vf =AVg: 31+ 4j = 2xdAi + 2ydAj 
g(x, y) = 0: ety 1=0. 
The gradient equation in Equations (1) implies that A 4 0 and gives 


— 3 2 
a SO Ee 


These equations tell us, among other things, that x and y have the same sign. With these 
values for x and y, the equation g(x, y) = 0 gives 


xy =xrty-1 


Xx 


a ete _ 
(ax) + Gi) - 1-0 
so 
ee a Aly 2 as, 
patent 9416 =4% AR = 25, and A= 45 
Thus, 
3 3 2 4 
= =+ = Se 
oo Bh 5 ae? 


and f(x, y) = 3x + 4y has extreme values at (x, y) = +(3/5, 4/5). 
By calculating the value of 3x + 4y at the points + (3/5, 4/5), we see that its maxi- 
mum and minimum values on the circle x? + y? = 1 are 


3 4 25 3 4 2 
3(3) + 4(2) - 3 = 2) + 4(-4) -- 3 =-s. 

The Geometry of the Solution The level curves of f(x, y) = 3x + 4y are the lines 
3x + 4y = c (Figure 14.57). The farther the lines lie from the origin, the larger the abso- 
lute value of f. We want to find the extreme values of f(x, y) given that the point (x, y) also 
lies on the circle x? + y? = 1. Which lines intersecting the circle lie farthest from the 
origin? The lines tangent to the circle are farthest. At the points of tangency, any vector 
normal to the line is normal to the circle, so the gradient Vf = 3i + 4j is a multiple 
(A = +5/2) of the gradient Vg = 2xi + 2yj. At the point (3/5, 4/5), for example, 

6 


ng Oe 
Vg=sit si 


5 and 3 ( 


Vf = 3i + 4j, and Vf =2V¢. Hi 


g, =0 


FIGURE 14.58 The vectors Vg, and 
Vg» lie in a plane perpendicular to the 
curve C because Vg, is normal to the 
surface g, = 0 and Vg, is normal to the 
surface gy = 0. 
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Lagrange Multipliers with Two Constraints 


Many problems require us to find the extreme values of a differentiable function f(x, y, z) 
whose variables are subject to two constraints. If the constraints are 


g(x, y; Zz) — 0 and &(x, ys Z) = 0 


and g, and g, are differentiable, with Vg, not parallel to Vg5, we find the constrained 
local maxima and minima of f by introducing two Lagrange multipliers A and mw (mu, 
pronounced “mew’’). That is, we locate the points P(x, y, z) where f takes on its con- 
strained extreme values by finding the values of x, y, z, A, and mw that simultaneously sat- 
isfy the three equations 


Vf = AV gy ate BV 2, g(x, ys Z) = 0, Q(X, y; z) = 0 (2) 


Equations (2) have a nice geometric interpretation. The surfaces g; = O and g, = 0 (usu- 
ally) intersect in a smooth curve, say C (Figure 14.58). Along this curve we seek the points 
where f has local maximum and minimum values relative to its other values on the curve. 
These are the points where Vf is normal to C, as we saw in Theorem 12. But Vg, and Vg 
are also normal to C at these points because C lies in the surfaces g,; = O and g, = 0. 
Therefore, Vf lies in the plane determined by Vg, and Vg, which means that 
Vf = AVg, + Vg, for some A and pw. Since the points we seek also lie in both surfaces, 
their coordinates must satisfy the equations g,(x, y, z) = 0 and g»(x, y, z) = 0, which are 
the remaining requirements in Equations (2). 


EXAMPLE 5 The plane x + y + z = 1 cuts the cylinder x” + y? = 1 in an ellipse 
(Figure 14.59). Find the points on the ellipse that lie closest to and farthest from the origin. 
Solution We find the extreme values of 
IBVD=H Fy +e 
(the square of the distance from (x, y, z) to the origin) subject to the constraints 
AGIs + y= 1 = 0 (3) 
HY 2g =x ryt, 1= 0, (4) 
The gradient equation in Equations (2) then gives 
Vf =AVg + UVa, 
2xi + 2yj + 2zk = A(2Qxi + 2yj) + wa + j + k) 
2xi + 2yj + 2zk = (Ax + p)it Ay + w)j + wk 


Cylinder x7 +? =1 


wear yar = il 


FIGURE 14.59 On the ellipse where the plane and 
cylinder meet, we find the points closest to and farthest 
from the origin (Example 5). 
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or 


Qx = 2Ax + p, 


2y = 2Ay + p, 22 = p. (5) 


The scalar equations in Equations (5) yield 

2x = 2Ax + 2z> (1 - Ax =z, 

2y = 2Ay + 27> (1 — A)y = z. 

Equations (6) are satisfied simultaneously if either A = | and z= 0 or A # 1 and 


x=y=z/(1—- A). 


(6) 


If z = 0, then solving Equations (3) and (4) simultaneously to find the corresponding 
points on the ellipse gives the two points (1, 0, 0) and (0, 1, 0). This makes sense when you 


look at Figure 14.59. 


If x = y, then Equations (3) and (4) give 


vr+x7-1=0 


X= 


Se 


X+x+2-—-1=0 
1 — 2x 


_ 


z 


Ss 


The corresponding points on the ellipse are 


na (EM 


2° 


a. et Biel 


“a 


Here we need to be careful, however. Although P, and P, both give local maxima of f on 
the ellipse, P, is farther from the origin than P,. 

The points on the ellipse closest to the origin are (1, 0, 0) and (0, 1, 0). The point on 
the ellipse farthest from the origin is P;. (See Figure 14.59.) a 


Exercises 14.8 | 


Two Independent Variables with One Constraint 


i 


Extrema on an ellipse Find the points on the ellipse 
x? + 2y? = | where f(x, y) = xy has its extreme values. 


. Extrema on a circle Find the extreme values of f(x, y) = xy 


subject to the constraint g(x, y) = x7 + yy — 10 = 0. 


. Maximum onaline Find the maximum value of f(x, y) = 49 — 


x? — y* on the line x + 3y = 10. 


. Extrema onaline Find the local extreme values of f(x, y) = xy 


on the line x + y = 3. 


. Constrained minimum Find the points on the curve xy” = 54 


nearest the origin. 


. Constrained minimum Find the points on the curve x*y = 2 


nearest the origin. 


. Use the method of Lagrange multipliers to find 


a. Minimum ona hyperbola The minimum value of x + y, 
subject to the constraints xy = 16,x > 0,y > 0 


b. Maximum ona line The maximum value of xy, subject to 
the constraint x + y = 16. 


Comment on the geometry of each solution. 


. Extrema on a curve Find the points on the curve x? + xy + 


y? = | in the xy-plane that are nearest to and farthest from the 
origin. 


. Minimum surface area with fixed volume Find the dimen- 


sions of the closed right circular cylindrical can of smallest 
surface area whose volume is 167 cm’. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


Cylinder in a sphere Find the radius and height of the open 
right circular cylinder of largest surface area that can be inscribed 
in a sphere of radius a. What is the largest surface area? 


Rectangle of greatest area in an ellipse Use the method of 
Lagrange multipliers to find the dimensions of the rectangle of 
greatest area that can be inscribed in the ellipse x7/16 + y?/9 = 1 
with sides parallel to the coordinate axes. 


Rectangle of longest perimeter in an ellipse Find the dimen- 
sions of the rectangle of largest perimeter that can be inscribed in 
the ellipse x”/a? + y?/b? = 1 with sides parallel to the coordi- 
nate axes. What is the largest perimeter? 


Extrema on a circle Find the maximum and minimum values 
of x? + y* subject to the constraint x7 — 2x + y? — 4y = 0. 


Extrema on a circle Find the maximum and minimum values 
of 3x — y + 6 subject to the constraint x? + y? = 4. 


Ant on a metal plate The temperature at a point (x, y) on a 
metal plate is T(x, y) = 4x? — 4xy + y?. An ant on the plate 
walks around the circle of radius 5 centered at the origin. What 
are the highest and lowest temperatures encountered by the ant? 


Cheapest storage tank Your firm has been asked to design a 
storage tank for liquid petroleum gas. The customer’s specifica- 
tions call for a cylindrical tank with hemispherical ends, and the 
tank is to hold 8000 m? of gas. The customer also wants to use 
the smallest amount of material possible in building the tank. 
What radius and height do you recommend for the cylindrical 
portion of the tank? 


Three Independent Variables with One Constraint 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


Minimum distance to a point Find the point on the plane 
x + 2y + 3z = 13 closest to the point (1, 1, 1). 


Maximum distance to a point Find the point on the sphere 
x? + y? + 2? = 4 farthest from the point (1, —1, 1). 

Minimum distance to the origin Find the minimum distance 
from the surface x7 — y* — z? = | to the origin. 


Minimum distance to the origin Find the point on the surface 
z = xy + I nearest the origin. 


Minimum distance to the origin Find the points on the surface 
2? = xy + 4 closest to the origin. 


Minimum distance to the origin Find the point(s) on the sur- 
face xyz = 1 closest to the origin. 


Extrema ona sphere Find the maximum and minimum values of 
f@y,z) =x —-— 2y + 5z 

on the sphere x7 + y? + 2? = 30. 

Extrema on a sphere Find the points on the sphere 

x? + y? + 2? = 25 where f(x, y, z) = x + 2y + 3z has its max- 

imum and minimum values. 


Minimizing a sum of squares Find three real numbers whose 
sum is 9 and the sum of whose squares is as small as possible. 


Maximizing a product Find the largest product the positive 
numbers x, y, and z can have if x + y + 27 = 16. 


Rectangular box of largest volume ina sphere Find the dimen- 
sions of the closed rectangular box with maximum volume that can 
be inscribed in the unit sphere. 


Box with vertex on a plane Find the volume of the largest 
closed rectangular box in the first octant having three faces in the 
coordinate planes and a vertex on the plane x/a + y/b + z/c = 1, 
where a > 0,b > 0, andc > 0. 


Hottest point on a space probe A space probe in the shape of 
the ellipsoid 


4x? + y? + 427 = 16 
enters Earth’s atmosphere and its surface begins to heat. After 


1 hour, the temperature at the point (x, y, z) on the probe’s sur- 
face is 


T(x, y, Z) = 8x + 4yz — 16z + 600. 


Find the hottest point on the probe’s surface. 


Extreme temperatures on a sphere Suppose that the Celsius 
temperature at the point (x, y, z) on the sphere x7 + y? + 2 = 1 
is T = 400xyz*. Locate the highest and lowest temperatures on 
the sphere. 


Cobb-Douglas production function During the 1920s, Charles 
Cobb and Paul Douglas modeled total production output P (of a 
firm, industry, or entire economy) as a function of labor hours 
involved x and capital invested y (which includes the monetary 
worth of all buildings and equipment). The Cobb-Douglas produc- 
tion function is given by 


P(x, y) = kxty'™, 


where k and a are constants representative of a particular firm or 
economy. 


32. 


33. 


34. 


35. 


36. 
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a. Show that a doubling of both labor and capital results in a 
doubling of production P. 


b. Suppose a particular firm has the production function for k = 
120 and a = 3/4. Assume that each unit of labor costs $250 
and each unit of capital costs $400, and that the total expenses 
for all costs cannot exceed $100,000. Find the maximum pro- 
duction level for the firm. 


(Continuation of Exercise 31.) If the cost of a unit of labor is c; 
and the cost of a unit of capital is cy, and if the firm can spend 
only B dollars as its total budget, then production P is constrained 
by cx + @y = B. Show that the maximum production level 
subject to the constraint occurs at the point 
aB CU — a@)B 
x= ran and ye =. 
Maximizing a utility function: an example from economics 
In economics, the usefulness or utility of amounts x and y of two 
capital goods G, and G, is sometimes measured by a function 
U(x, y). For example, G; and Gz might be two chemicals a phar- 
maceutical company needs to have on hand and U(x, y) the gain 
from manufacturing a product whose synthesis requires different 
amounts of the chemicals depending on the process used. If G, 
costs a dollars per kilogram, G, costs b dollars per kilogram, and 
the total amount allocated for the purchase of G, and G, together 
is c dollars, then the company’s managers want to maximize U(x, y) 
given that ax + by = c. Thus, they need to solve a typical 
Lagrange multiplier problem. 
Suppose that 


U(x, y) = xy + 2x 
and that the equation ax + by = c simplifies to 


2x + y = 30. 


Find the maximum value of U and the corresponding values of x 
and y subject to this latter constraint. 


Blood types Human blood types are classified by three gene 
forms A, B, and O. Blood types AA, BB, and OO are homozygous, 
and blood types AB, AO, and BO are heterozygous. If p, g, and r 
represent the proportions of the three gene forms to the popula- 
tion, respectively, then the Hardy-Weinberg Law asserts that the 
proportion Q of heterozygous persons in any specific population 
is modeled by 


Op, 4.7) = 2Apq + pr + qr), 
subject to p + gq + r = 1. Find the maximum value of Q. 


Length of a beam In Section 4.6, Exercise 39, we posed a 
problem of finding the length L of the shortest beam that can 
reach over a wall of height / to a tall building located k units from 
the wall. Use Lagrange multipliers to show that 


L = (#23 + 42/3)3?2, 


Locating a radio telescope You are in charge of erecting a radio 
telescope on a newly discovered planet. To minimize interference, 
you want to place it where the magnetic field of the planet is weak- 
est. The planet is spherical, with a radius of 6 units. Based on a 
coordinate system whose origin is at the center of the planet, the 
strength of the magnetic field is given by M(x, y, z) = 6x— 
y? + xz + 60. Where should you locate the radio telescope? 
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Extreme Values Subject to Two Constraints 
37. Maximize the function f(x, y, z) = x7 + 2y — 2? subject to the 
constraints 2x — y = Oandy + z= 0. 


38. Minimize the function f(x, y, z) = x* + y? + 2? subject to the 
constraints x + 2y + 3z = 6andx + 3y + 97 = 9. 


39. Minimum distance to the origin Find the point closest to the 

origin on the line of intersection of the planes y + 2z = 12 and 

x+ty=6. 

40. Maximum value on line of intersection Find the maximum 
value that f(x, y, z) = x7 + 2y — 2? can have on the line of inter- 
section of the planes 2x — y = Oandy + z= 0. 


41. Extrema on a curve of intersection Find the extreme values of 
f(x, y, Z) = x°yz + 1 on the intersection of the plane z = 1 with 
the sphere x7 + y? + 2? = 10. 

42. a. Maximum on line of intersection Find the maximum value 
of w = xyz on the line of intersection of the two planes 
x+y+z=40andx+y-z=0. 

b. Give a geometric argument to support your claim that you 
have found a maximum, and not a minimum, value of w. 


43. Extrema on a circle of intersection Find the extreme values of 
the function f(x, y, z) = xy + z* on the circle in which the plane 
y — x = 0 intersects the sphere x7 + y? + 27 = 4, 

44. Minimum distance to the origin Find the point closest to the 
origin on the curve of intersection of the plane 2y + 4z = 5 and 
the cone z? = 4x? + 4y’. 


Theory and Examples 

45. The condition Vf = AVg is not sufficient Although 
Vf = AVg is a necessary condition for the occurrence of an 
extreme value of f(x, y) subject to the conditions g(x, y) = 0 and 
Vg # 0, it does not in itself guarantee that one exists. As a case 
in point, try using the method of Lagrange multipliers to find a 
maximum value of f(x, y) = x + y subject to the constraint that 
xy = 16. The method will identify the two points (4, 4) and 
(—4, —4) as candidates for the location of extreme values. Yet the 
sum (x + y) has no maximum value on the hyperbola xy = 16. 
The farther you go from the origin on this hyperbola in the first 
quadrant, the larger the sum f(x, y) = x + y becomes. 


46. A least squares plane The plane z = Ax + By + C is to be 
“fitted” to the following points (x;, yp, Z): 


(0, 0, 0), (0, 1, 1), (1, 1, 1), (1, 0,-1). 
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47. 


48. 


Find the values of A, B, and C that minimize 
4 

Dd (Ax + By C= a), 
1 


the sum of the squares of the deviations. 


a. Maximum ona sphere Show that the maximum value of 
a’b*c? on a sphere of radius r centered at the origin of a Car- 
tesian abc-coordinate system is (17/3)°. 


b. Geometric and arithmetic means Using part (a), show 
that for nonnegative numbers a, b, and c, 


OBA e. 


(abc)'? = 37 


that is, the geometric mean of three nonnegative numbers is less 
than or equal to their arithmetic mean. 


Sum of products Let a), ad, .. . , a, be n positive numbers. Find 
the maximum of 7_, a,x; subject to the constraint }?_, x;? = 1. 


COMPUTER EXPLORATIONS 
In Exercises 49-54, use a CAS to perform the following steps implement- 
ing the method of Lagrange multipliers for finding constrained extrema: 


a. 


54. 


Form the function h = f — A,g,; — Arg, where f is the func- 
tion to optimize subject to the constraints g; = 0 and g, = 0. 


. Determine all the first partial derivatives of h, including the par- 


tials with respect to A, and A,, and set them equal to 0. 


. Solve the system of equations found in part (b) for all the 


unknowns, including A, and A>. 


. Evaluate f at each of the solution points found in part (c) and select 


the extreme value subject to the constraints asked for in the exercise. 


. Minimize f(x, y, z) = xy + yz subject to the constraints x? + y* — 


2=Oandx*?+27-2=0. 
2 


. Minimize f(x, y, z) = xyz subject to the constraints x? + y?— 


1 = Oandx -z=0. 


. Maximize f(x, y,z) = x7 + y? + 2 subject to the constraints 


2y + 4z — 5 = Oand 4x? + 4y? — 2 = 0. 


. Minimize f(x, y,z) = x2 + y? + 2 subject to the constraints 


2 


Po-xty-2-1=O0andx?+y—-—1=0. 


. Minimize f(x, y, z, w) = x7 + y? + 27 + w’ subject to the con- 


straints 2x -ytz-w-1=0 and xt+y-zt 
w-1=0. 

Determine the distance from the line y = x + 1 to the parabola 
y? = x. (Hint: Let (x, y) be a point on the line and (w, z) a point 
on the parabola. You want to minimize (x — w)? + (y — z)?.) 


In this section we use Taylor’s formula to derive the Second Derivative Test for local 
extreme values (Section 14.7) and the error formula for linearizations of functions of two 
independent variables (Section 14.6). The use of Taylor’s formula in these derivations 
leads to an extension of the formula that provides polynomial approximations of all orders 
for functions of two independent variables. 


Derivation of the Second Derivative Test 


Let f(x, y) have continuous partial derivatives in an open region R containing a point P(a, b) 
where f, = f, = 0 (Figure 14.60). Let A and k be increments small enough to put the 


S(a+h,b +k) 


Parametrized 
segment 
— (a + th, b + th, 
a typical point 
on the segment 


0 
P(a, b) 


Part of open region R 


FIGURE 14.60 We begin the derivation 
of the Second Derivative Test at P(a, b) by 
parametrizing a typical line segment from 
P toa point S nearby. 
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point S(a + h, b + k) and the line segment joining it to P inside R. We parametrize the 
segment PS as 


x=a+t th, y = b + tk, Ostel. 


If F(t) = f(a + th, b + tk), the Chain Rule gives 


; d dy 
PO =F. a + fy ae Ste iy 


Since f, and f, are differentiable (they have continuous partial derivatives), F’ is a 
differentiable function of ¢ and 


_ OF dx , oF DY _ 


”" 3 iiss, of 
Pat ga let My ht 5 Ge + yk 


= Wf + Wkfy + Rhy fy = fo 


Since F and F" are continuous on [0,1] and F” is differentiable on (0, 1), we can apply 
Taylor’s formula with n = 2 and a = 0 to obtain 


t mW a — 0) 

F() = FO) + F’(O)d — 0) + F () 
(1) 

= F(0) + F'(0) + SE") 
for some c between 0 and 1. Writing Equation (1) in terms of f gives 
fla + h,b + k) = f(a, b) + hf,(a, b) + kfy(a, b) 
1 
+E Wie Ohh PPh) (2) 
(a+ch, b+ck) 
Since f,(a, b) = f,(a, b) = 0, this reduces to 
flat+thb+k — flab) = 5 (hf + 2hkf,, + kfyy) (3) 
(a+ch, b+ck) 


The presence of an extremum of f at (a,b) is determined by the sign of 
f(a + h,b + k) — f(a, b). By Equation (3), this is the same as the sign of 


O(c) = (Wf x + 2HKf + IT i edreh bes 
Now, if Q(0) # 0, the sign of Q(c) will be the same as the sign of Q(0) for suffi- 
ciently small values of h and k. We can predict the sign of 


Q(0) = hf,.(a, b) + 2hkf (a, b) + kfyy(a, b) (4) 


from the signs of f,, and fiyfyy — ta at (a, b). Multiply both sides of Equation (4) by f,, 
and rearrange the right-hand side to get 
FO) =f ge Eig) F Cake = Fy de (5) 
From Equation (5) we see that 
1, Ky, = 0 and {f= is > 0 at (a, b), then Q(0) < 0 for all sufficiently small 
nonzero values of h and k, and f has a local maximum value at (a, b). 


2. If fx > O and frufyy — ie > 0 at (a, b), then Q(0O) > 0 for all sufficiently small 
nonzero values of h and k, and f has a local minimum value at (a, b). 
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3. If fafwy — fay? <0 at (a, b), there are combinations of arbitrarily small nonzero 
values of h and k for which Q(0) > 0, and other values for which Q(0) < 0. Arbi- 
trarily close to the point Po(a, b, f(a, b)) on the surface z = f(x, y) there are points 
above Py and points below P, so f has a saddle point at (a, b). 

4. If fohyy fry? = 0, another test is needed. The possibility that Q(0) equals zero 
prevents us from drawing conclusions about the sign of Q(c). 


The Error Formula for Linear Approximations 


We want to show that the difference E(x, y) between the values of a function f(x, y) and its 
linearization L(x, y) at (x9, yo) satisfies the inequality 


1 
|E@, y)| 5 M(|x — xo] + ly — yol 


The function f is assumed to have continuous second partial derivatives throughout an 
open set containing a closed rectangular region R centered at (xp, yo). The number M is an 
upper bound for | feds [fyy|, and | Ea on R. 

The inequality we want comes from Equation (2). We substitute x9 and yo for a and b, 
and x — x) and y — yp for h and k, respectively, and rearrange the result as 


F(x, y) = F(%0, Yo) + FQ» Yo — Xo) + F\Oo, WY — Yo) 


linearization L(x, y) 


> 


1 
Fae list 20 aS = J = Tey Fa) am etucioy 


error E(x, y) 


This equation reveals that 


1 
JE| = 5 (lx — 2017 + 21x — ally — voll fol + Ly — yol?lfypl)- 


Hence, if M is an upper bound for the values of | f, , and | il on R, 


fay 


1 
JE] = 5 (|x — 20l?M + 2[x — x0lly — yolM + |y — vol?) 
1 
= 5 M(|x — xol + ly — vol? 


Taylor’s Formula for Functions of Two Variables 


The formulas derived earlier for F’ and F” can be obtained by applying to f(x, y) the 
operators 


ces Og) 550" Pe 
(no +44) and (no +44) Le 


These are the first two instances of a more general formula, 


FO) = FR = (: +k 2) fey), (6) 


which says that applying d”/dt" to F(t) gives the same result as applying the operator 


0 0 n 
(no +43) 


to f(x, y) after expanding it by the Binomial Theorem. 
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If partial derivatives of f through order n + 1| are continuous throughout a rectangu- 
lar region centered at (a, b), we may extend the Taylor formula for F(t) to 


7 , He ) a Ps mo 6 
F(t) = FO) + F'\(O)t + ~—-Pr + °°: t’? + remainder, 
and take t = | to obtain 
mo ay) 
F(1) = F(O) + F’(O) + . A + remainder. 


When we replace the first n derivatives on the right of this last series by their equivalent 
expressions from Equation (6) evaluated at t = O and add the appropriate remainder term, 
we arrive at the following formula. 


Taylor’s Formula for f(x, y) at the Point (a, b) 


Suppose f(x, y) and its partial derivatives through order n + 1 are continuous throughout an open rectangular region R 
centered at a point (a, b). Then, throughout R, 


flath b+ k)= f(a, b) + (hf, + kf law + 5y (hfe: + 2k fy PRT vie) Maus 


+38 Pee + 3IPKF ey + 3H Pyy + Ef yy) lacey tooo + 1(ag di ‘2) f 


(7) 


(a+ch, b+ck) 


The first derivative terms are evaluated at (a, b). The last term is evaluated at some point 
(a + ch, b + ck) on the line segment joining (a, b) and (a + h, b + k). 

If (a, b) = (0, 0) and we treat h and k as independent variables (denoting them now 
by x and y), then Equation (7) assumes the following form. 


Taylor’s Formula for f(x, y) at the Origin 


f(x, y) = £0, 0) + af, + yfy + 5) Fer + Qh + YF) 


I 3 2 2 3 sees pea a” f n—-1 a” f Suis’ (ed 
+ 3! (x fry + 3x VF vxy + 3xy fry + y yyy) + + = x” ax” + nx Y ax" lay + ate y oy" 
1 gti f grtl f grtl f 
+ xntl + (n + 1)x” = HE oie a ce ie 8 
(n + 1)! ( axtt! ( ) y ox dy : ay? (cx, cy) 


The first n derivative terms are evaluated at (0, 0). The last term is evaluated at a point on 
the line segment joining the origin and (x, y). 

Taylor’s formula provides polynomial approximations of two-variable functions. The 
first n derivative terms give the polynomial; the last term gives the approximation error. 
The first three terms of Taylor’s formula give the function’s linearization. To improve on 
the linearization, we add higher-power terms. 


870 Chapter 14: Partial Derivatives 


EXAMPLE 1 Find a quadratic approximation to f(x, y) = sin x sin y near the origin. 
How accurate is the approximation if |x| < 0.1 and |y| < 0.1? 


Solution We take n = 2 in Equation (8): 


fx. y) = fO,0) + (fe + yf) + 5 Pf + Why + Fy) 


1 


aa 6 ee i DEV ig + cs ae + eee cy)* 


Calculating the values of the partial derivatives, 
fO,0) = sinxsinyl|oo =0, — f,(0, 0) = —sin x sin y|(o.o) = 0, 
f,(0, 0) = cosxsiny|oo = 0, — fy(0, 0) = cos x cos yl) = 1, 
f,(0, 0) = sinx cos yloo = 0, — fy(0, 0) = —sin x sin y|(o.9) = 0, 
we have the result 
sinxsiny ~ 0+ 0+0+4 5 (x0) + 2xy(1) + y?0)), or sinxsiny ~ xy. 
The error in the approximation is 


1 
E(8, 9) = & (fen + 32VF ay + B07Foy + Y Fry) 
(cx, cy) 


The third derivatives never exceed | in absolute value because they are products of sines 
and cosines. Also, |x| < 0.1 and |y| < 0.1. Hence 


|E(, y)| < £ (0.1) + 3(0.1)3 + 3(0.1)3 + (0.1)) = 0.1) < 0.00134 


(rounded up). The error will not exceed 0.00134 if |x| = 0.1 and | y| = 0.1. Oo 
- . . . . . 1 1 
Finding Quadratic and Cubic Approximations 7 9. f(x,y) = 2 10. f(x,y) = —— oe 
In Exercises 1-10, use Taylor’s formula for f(x, y) at the origin to find x—y x—~ yr xy 
quadratic and cubic approximations of f near the origin. 11. Use Taylor’s formula to find a quadratic approximation of 
1. f(x, y) = xe 2. fx, y) = e cosy f(x, y) = cosxcosy at the origin. Estimate the error in the 
a sie day 4. fe = a ecasy approximation if |x| < 0.1 and |y| < 0.1. 
= _ 12. Use Taylor’s formula to find a quadratic approximation of e* sin y 
5. fey) = J i sey) a ae aa a at the origin. Estimate the error in the approximation if |x| = 0.1 
7. f(x,y) = sin (x? + y?) 8. f(x, y) = cos(x? + y?) and |y| < 0.1, 


14. 10 Partial Derivatives with Constrained Variables 


In finding partial derivatives of functions like w = f(x, y), we have assumed x and y to be 
independent. In many applications, however, this is not the case. For example, the internal 
energy U of a gas may be expressed as a function U = f(P, V, T) of pressure P, volume 
V, and temperature 7. If the individual molecules of the gas do not interact, however, P, V, 
and T obey (and are constrained by) the ideal gas law 


PV = nRT (n and R constant), 


and fail to be independent. In this section we learn how to find partial derivatives in situa- 
tions like this, which occur in economics, engineering, and physics. 


z 


Zax + y2 


Circle x7 + y? = 1 
in the plane z = 


FIGURE 14.61 
to lie on the paraboloid z = x* + y’, 


If P is constrained 


the value of the partial derivative of 

w =x? + y? + 2 with respect to x at 

P depends on the direction of motion 
(Example 1). (1) As x changes, with 

y = 0, P moves up or down the surface 
on the parabola z = x? in the xz-plane 
with dw/dx = 2x + 4x3. (2) As x changes, 
with z = 1, P moves on the circle 

x+y? = 1,z = 1, and dw/ax = 0. 


871 


14.10 Partial Derivatives with Constrained Variables 


Decide Which Variables Are Dependent and Which Are Independent 


If the variables in a function w = f(x, y, z) are constrained by a relation like the one 
imposed on x, y, and z by the equation z = x* + y’, the geometric meanings and the 
numerical values of the partial derivatives of f will depend on which variables are chosen 
to be dependent and which are chosen to be independent. To see how this choice can affect 
the outcome, we consider the calculation of dw/dx when w = x? + y? + 2? and 
z=xet y’. 


EXAMPLE 1 Find dw/dx if w = x? + y? + 2 and z= x? + y?, 

Solution We are given two equations in the four unknowns x, y, z, and w. Like many 
such systems, this one can be solved for two of the unknowns (the dependent variables) in 
terms of the others (the independent variables). In being asked for dw/dx, we are told that 
w is to be a dependent variable and x an independent variable. The possible choices for the 
other variables come down to 


Dependent Independent 
W,Z x,y 
wy x, Z 


In either case, we can express w explicitly in terms of the selected independent variables. 
We do this by using the second equation z = x? + y? to eliminate the remaining depen- 
dent variable in the first equation. 

In the first case, the remaining dependent variable is z. We eliminate it from the first 
equation by replacing it by x? + y*. The resulting expression for w is 


w=rPtyP4+2=xrP4+ y + (2 + y?)?? 
=x + yt x8 + Oy + y* 


and 


ow 


= 3 2 
ax 2x + 4x? + Axy’. 


(1) 
This is the formula for dw /dx when x and y are the independent variables. 

In the second case, where the independent variables are x and z and the remaining 
dependent variable is y, we eliminate the dependent variable y in the expression for w by 
replacing y* in the second equation by z — x”. This gives 


w=xrtyt+2=P4(e-xXP)+2=z24+2 
and 


ow 
ot 0. (2) 
This is the formula for dw/dx when x and z are the independent variables. 

The formulas for dw/dx in Equations (1) and (2) are genuinely different. We cannot 
change either formula into the other by using the relation z = x” + y’. There is not just 
one dw/dx, there are two, and we see that the original instruction to find dw/dx was 
incomplete. Which dw/dx? we ask. 

The geometric interpretations of Equations (1) and (2) help to explain why the equa- 
tions differ. The function w = x? + y? + z* measures the square of the distance from the 
point (x, y, z) to the origin. The condition z = x” + y” says that the point (x, y, z) lies on 
the paraboloid of revolution shown in Figure 14.61. What does it mean to calculate dw/ax 
at a point P(x, y, z) that can move only on this surface? What is the value of dw/dx when 
the coordinates of P are, say, (1, 0, 1)? 
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If we take x and y to be independent, then we find dw/dx by holding y fixed (at y = 0 
in this case) and letting x vary. Hence, P moves along the parabola z = x? in the xz-plane. 
As P moves on this parabola, w, which is the square of the distance from P to the origin, 
changes. We calculate dw /dx in this case (our first solution above) to be 

ow 


OW = 3 2 
ax 2x + 4x? + Axy’. 


At the point P(1, 0, 1), the value of this derivative is 


Wi 24440=6. 
ox 
If we take x and z to be independent, then we find dw/dx by holding z fixed while x 
varies. Since the z-coordinate of P is 1, varying x moves P along a circle in the plane 
z = 1. As P moves along this circle, its distance from the origin remains constant, and w, 
being the square of this distance, does not change. That is, 


ow 
ox = 0, 


as we found in our second solution. | 


How to Find 0w/dx When the Variables in w = f(x, y, 2) 
Are Constrained by Another Equation 


As we saw in Example 1, a typical routine for finding dw/dx when the variables in the 
function w = f(x, y, z) are related by another equation has three steps. These steps apply 
to finding dw /dy and dw/dz as well. 


1. Decide which variables are to be dependent and which are to be independent. 
(In practice, the decision is based on the physical or theoretical context of our 
work. In the exercises at the end of this section, we say which variables are 
which.) 

2. Eliminate the other dependent variable(s) in the expression for w. 


3. Differentiate as usual. 


If we cannot carry out Step 2 after deciding which variables are dependent, we differ- 
entiate the equations as they are and try to solve for dw/dx afterward. The next example 
shows how this is done. 


EXAMPLE 2 Find dw/dx at the point (x, y, z) = (2,—1, 1) if 
w=xr?ty? + 2, SG-xtyzty=1, 
and x and y are the independent variables. 


Solution It is not convenient to eliminate z in the expression for w. We therefore differ- 
entiate both equations implicitly with respect to x, treating x and y as independent vari- 
ables and w and z as dependent variables. This gives 


ow _ 4 
oo 2x + 2z ax (3) 
and 
Oz Oz 
2 = 
32° 5 ytys- +0 0. (4) 
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These equations may now be combined to express dw /dx in terms of x, y, and z. We solve 
Equation (4) for dz/dx to get 


a) 
Oxy + 32° 


and substitute into Equation (3) to get 


2yz 
OW = yg a 
ox y + 3z 


The value of this derivative at (x, y, z) = (2,—1, 1) is 


(2) ee ee ee B 
(2,-1,1) 


ax -1+ 30)? 2 


Notation 


To show what variables are assumed to be independent in calculating a derivative, we can 
use the following notation: 


(22) dw/ax with x and y independent 
, 


0 
(#) of /dy with y, x, and ¢ independent 
x,t 


EXAMPLE 3 Find (@w/dx), . ifw =x? +y—z+sint andx+y=t. 
Solution With x, y, z independent, we have 


t=xt+y, w=x+y-—z+sin@+y) 


(2) = 2x + 0-0 + cose + 2x +y) 


2x + cos (x + y). a 


Arrow Diagrams 


In solving problems like the one in Example 3, it often helps to start with an arrow dia- 
gram that shows how the variables and functions are related. If 


w=x+y-ztsint and xt+y=t 


and we are asked to find dw /dx when x, y, and z are independent, the appropriate diagram 
is one like this: 


& 


y —_ 


z 


mm N 


Independent Intermediate Dependent 
variables variables variable 
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To avoid confusion between the independent and intermediate variables with the same 
symbolic names in the diagram, it is helpful to rename the intermediate variables (so they 
are seen as functions of the independent variables). Thus, let u = x, v = y, and s = z 
denote the renamed intermediate variables. With this notation, the arrow diagram becomes 


Uu 
Uv 
y > —> w 
S 
z 
t 
Independent Intermediate Dependent 
variables variables and __ variable 
relations 
u=x 
= 
sS=Z 
Ley 


(6) 


The diagram shows the independent variables on the left, the intermediate variables and 
their relation to the independent variables in the middle, and the dependent variable on the 
right. The function w now becomes 


where 


u= x, v 


w=wl+ou-—s+4sint 


= y, S=Z and t=xt+y. 


To find dw/dx, we apply the four-variable form of the Chain Rule to w, guided by the 


arrow diagram in Equation (6): 


Ow _ Owdu , OWOdU , OWOS , OW Ot 
ox Ou Ox ov Ox Os Ox Ot Ox 
= (2u)(1) + (10) + (—1)) + (cos 11) 
= 2u + cost 
= 2x + cos(x + y). Substituting the original independent 


Exercises § COU 


Finding Partial Derivatives with Constrained Variables 
In Exercises 1-3, begin by drawing a diagram that shows the relations 
among the variables. 


lL. Ifw=x?+ y+ 2andz =x? + y’, find 


“G) 


2. Ifw=x* + y—z2+ sintandx + y =+4, find 


aw », (2 aw 

a. ay be . ay - Cc. az i 
ow ow 

d. (3) | t GE 


3. Let U = f(P, V, T) be the internal energy of a gas that obeys the 
ideal gas law PV = nRT (n and R constant). Find 


au p. (YU 
* \ oP), ‘\ar), 


variables u = xandt=x+y 


. Find 


ow ow 
a. (32) b. (3) 


at the point (x, y, z) = (0, 1, 77) if 


and ysinz + zsinx 


at the point (w, x, y, z) = (4, 2, 1,—-D if 


w=xytyz-— 23 and P+yt 2 


. Find (@u/dy), at the point (u, v) = (V2, 1) if x= 


y = ww. 


uw + v? and 


7. 


Suppose that x? + y? = r? and x = rcos @, as in polar coordi- 


nates. Find 
ox or 
(2) 0 ame & y 


. Suppose that 


w=x-y+4z4+t and x+2z+t= 25. 
Show that the equations 
ow ow 
a ord and a ot 7 2 


each give dw/dx, depending on which variables are chosen to be 
dependent and which variables are chosen to be independent. 
Identify the independent variables in each case. 


Theory and Examples 


9. 


10. 


Establish the fact, widely used in hydrodynamics, that if 
fy, z) = 0, then 


(5). (2), (), => 


(Hint: Express all the derivatives in terms of the formal partial 
derivatives of /dx, of /dy, and of /dz.) 


If z = x + f(u), where u = xy, show that 


az oz _ 
xa va 


11. 


12. 


875 


Chapter 14 Questions to Guide Your Review 


Suppose that the equation g(x, y, z) = 0 determines z as a differ- 
entiable function of the independent variables x and y and that 


g. # 0. Show that 
(%) _ _ g/day 
dy), dg /dz" 


Suppose that f(x, y, z,w) = O and g(x, y, z, w) = O determine z 
and w as differentiable functions of the independent variables x 
and y, and suppose that 


of dg — Of: og 
acaw awa 7 © 
Show that 
of dg of og 
a\ __ axaw awax 
ax}, af ag af ag 
az dw aw az 
and 
dfog of ag 
aw) _ dz oy dy Oz 
dy), af ag _ of ag 
dc dw dw dz 


Chapter 14— Questions to Guide Your Review 


1. 


What is a real-valued function of two independent variables? 
Three independent variables? Give examples. 


. What does it mean for sets in the plane or in space to be open? 


Closed? Give examples. Give examples of sets that are neither 
open nor closed. 


. How can you display the values of a function f(x, y) of two inde- 


pendent variables graphically? How do you do the same for a 
function f(x, y, z) of three independent variables? 


. What does it mean for a function f(x, y) to have limit L as 


(x, Y) — (Xo, Yo)? What are the basic properties of limits of func- 
tions of two independent variables? 


. When is a function of two (three) independent variables continu- 


ous at a point in its domain? Give examples of functions that are 
continuous at some points but not others. 


. What can be said about algebraic combinations and composites of 


continuous functions? 


7. Explain the two-path test for nonexistence of limits. 


8. How are the partial derivatives df /dx and of /dy of a function 


f(x, y) defined? How are they interpreted and calculated? 


9. 


10. 


11. 


12. 


13. 


14. 


How does the relation between first partial derivatives and conti- 
nuity of functions of two independent variables differ from the 
relation between first derivatives and continuity for real-valued 
functions of a single independent variable? Give an example. 


What is the Mixed Derivative Theorem for mixed second-order 
partial derivatives? How can it help in calculating partial deriva- 
tives of second and higher orders? Give examples. 


What does it mean for a function f(x, y) to be differentiable? 
What does the Increment Theorem say about differentiability? 


How can you sometimes decide from examining f, and f, that a 
function f(x, y) is differentiable? What is the relation between the 
differentiability of f and the continuity of f at a point? 


What is the general Chain Rule? What form does it take for func- 
tions of two independent variables? Three independent variables? 
Functions defined on surfaces? How do you diagram these differ- 
ent forms? Give examples. What pattern enables one to remember 
all the different forms? 


What is the derivative of a function f(x, y) at a point Py in the 
direction of a unit vector u? What rate does it describe? What 
geometric interpretation does it have? Give examples. 
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15. What is the gradient vector of a differentiable function f(x, y)? 
How is it related to the function’s directional derivatives? State 
the analogous results for functions of three independent variables. 


16. How do you find the tangent line at a point on a level curve of a 
differentiable function f(x, y)? How do you find the tangent plane 
and normal line at a point on a level surface of a differentiable 
function f(x, y, z)? Give examples. 

17. How can you use directional derivatives to estimate change? 

18. How do you linearize a function f(x, y) of two independent vari- 
ables at a point (Xp, Yo)? Why might you want to do this? How do 
you linearize a function of three independent variables? 

19. What can you say about the accuracy of linear approximations of 
functions of two (three) independent variables? 

20. If (x, y) moves from (Xp, yo) to a point (x) + dx, yo + dy) nearby, 
how can you estimate the resulting change in the value of a dif- 
ferentiable function f(x, y)? Give an example. 


Chapter 14 Practice Exercises 


Domain, Range, and Level Curves 
In Exercises 1-4, find the domain and range of the given function and 
identify its level curves. Sketch a typical level curve. 


1. fy) = 9 + 2. f@, y) = e&* 
4. ex, y) = Ve? -y 
In Exercises 5—8, find the domain and range of the given function and 
identify its level surfaces. Sketch a typical level surface. 
5. f%yj=xr+y-z 6. 2(x, y, Z) = x7 + 4y? + 92? 


1 1 
8. k(x, y,2) = 3 
x 


3. g(x, y) = 1/xy 


7. Wx,y,0= 5 
x 


+y4+2 +y4+2+41 
Evaluating Limits 
Find the limits in Exercises 9-14. 
. . 2+y 
9, lim e cOS x 10. in ——— 
(x,y) (zr, In 2) (xy)(0,0) ¥ + Cos y 
x- ey — 1 
11. lim z 2 ii z 


lim = 4 
(xy) x? — y? @yrdy xy 7 1 


13. lim In|x +y+z| 14. lim 


tan! (x+y+z 
P(1,—le P>(1-1,-1) ae 


By considering different paths of approach, show that the limits in 
Exercises 15 and 16 do not exist. 


ee 
15. lim ines 16. lim 
(x.y)>(0.0) x7 — y (@y)>(0,0)  *Y 
yFxr xyA0 


17. Continuous extension Let f(x, y) = (2? — y?)/(a? + y?) for 
(x,y) # (0, 0). Is it possible to define f(0, 0) in a way that makes 
f continuous at the origin? Why? 

18. Continuous extension Let 

sin (x — y) 

|x| + ly 
0, (x, y) = (0, 0). 
Is f continuous at the origin? Why? 


: x| + ly} #0 
fay) = kl + bi 


21. How do you define local maxima, local minima, and saddle points 
for a differentiable function f(x, y)? Give examples. 


22. What derivative tests are available for determining the local 
extreme values of a function f(x, y)? How do they enable you to 
narrow your search for these values? Give examples. 


23. How do you find the extrema of a continuous function f(x, y) ona 
closed bounded region of the xy-plane? Give an example. 


24. Describe the method of Lagrange multipliers and give examples. 


25. How does Taylor’s formula for a function f(x, y) generate poly- 
nomial approximations and error estimates? 


26. If w = f(x, y, z), where the variables x, y, and z are constrained 
by an equation g(x, y, z) = 0, what is the meaning of the notation 
(dw /dx),? How can an arrow diagram help you calculate this par- 
tial derivative with constrained variables? Give examples. 


Partial Derivatives 
In Exercises 19-24, find the partial derivative of the function with 
respect to each variable. 


19. g(r, 0) = rcos@ + rsin#é 


1 2 Ws) — ¥ 

20. f(x,y) = 3 In (x? + y?) + tan”! x 
ee re eee 
21. F(R), Ro, R3) = R, + RR 


22. h(x, y, z) = sin (27x + y — 3z) 
23. P(n, R,T, V) = nee (the ideal gas law) 


1 /T 
24. Lf, 1, Ts w) = rl Tw 


Second-Order Partials 
Find the second-order partial derivatives of the functions in Exercises 
25-28. 


25. g(x,y) = y + 5 
27. f(x,y) =x 
28. f(x,y) = y° 


26. g(x,y) =e + ysinx 


xy — 5x3 + In (x? + 1) 
3xy + cosy + Te” 


Chain Rule Calculations 

29. Find dw/dt at t= 0 if w = sin(ay + 7m), x =e, and y= 
In(t + 1). 

30. Find dw/dt at t= 1 if w = xe’ + ysinz 
y=t-—1+4 Int, and z= Tt. 

31. Find dw/dr and dw/ds when r= 7 and s=0 if w= 
sin (2x — y), x =r + sins, y = rs. 

32. Find dw/du and dw/dv when u=v=0 if w= 
InV1 + x? — tan! x and x = 2e" cos v. 

33. Find the value of the derivative of f(x, y,z) = xy + yz + xz 


with respect to t on the curve x = cost, y = sin t, z = cos 2f at 
t= 1. 


cos z, Xx = Vi, 


34. Show that if w = f(s) is any differentiable function of s and if 
s = y+ 5x, then 


Implicit Differentiation 
Assuming that the equations in Exercises 35 and 36 define y as a dif- 
ferentiable function of x, find the value of dy /dx at point P. 


35. 1 -x—y?—sinxy = 0, P(0, 1) 
36. 2xy + &*Y —2=0, P(O,In2) 


Directional Derivatives 
In Exercises 37-40, find the directions in which f increases and 
decreases most rapidly at Py and find the derivative of f in each direc- 
tion. Also, find the derivative of f at Py in the direction of the vector v. 
37. f(x,y) = cosxcosy, Py(7/4,7/4), v= 3i+ 4j 
38. f(x,y) = xe, PU,0), v=itj 
39. f(x, y, z) = In(2x + 3y + 62), P(—-1,-1, 1), 
v = 2i + 3j + 6k 
40. f(x,y,2 = 2x? + 3xy- 2 + 2y+2+4, PO, 0,0), 
v=it+jt+k 


41. Derivative in velocity direction Find the derivative of 
f(%, y, Z) = xyz in the direction of the velocity vector of the helix 
r(t) = (cos 3f)i + (sin 3)j + 3tk 
att = 7/3. 
42. Maximum directional derivative What is the largest value 


that the directional derivative of f(x, y, z) = xyz can have at the 
point (1, 1, 1)? 


43. Directional derivatives with given values At the point (1, 2), 
the function f(x, y) has a derivative of 2 in the direction toward 
(2, 2) and a derivative of —2 in the direction toward (1, 1). 


a. Find f,(1, 2) and f,(1, 2). 


b. Find the derivative of f at (1, 2) in the direction toward the 
point (4, 6). 


44, Which of the following statements are true if f(x, y) is differen- 
tiable at (x9, yo)? Give reasons for your answers. 


a. If u is a unit vector, the derivative of f at (xo, yo) in the direc- 
tion of wis (f,@%. Yo)i + fy@o- Yj) *U- 
b. The derivative of f at (x, yo) in the direction of u is a vector. 


c. The directional derivative of f at (xy, yo) has its greatest value 
in the direction of Vf. 


d. At (x, yo), vector Vf is normal to the curve f(x, y) = f(x, yo)- 


Gradients, Tangent Planes, and Normal Lines 

In Exercises 45 and 46, sketch the surface f(x, y, z) = c together with 
Vf at the given points. 

45. x? +yt+2=0; (0,-1,41, (0,0,0) 

46. y>+2=4; (2,+2,0), (2,0, +2) 

In Exercises 47 and 48, find an equation for the plane tangent to the 


level surface f(x, y,z) = c at the point Py. Also, find parametric 
equations for the line that is normal to the surface at P. 


47. x —y—5z=0, P(2,—1, 1) 
48.3? +y?+z2=4, Pill, 1,2) 
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In Exercises 49 and 50, find an equation for the plane tangent to the 
surface z = f(x, y) at the given point. 

49. z= In(x? + y’), (0, 1,0) 

50. z= 1/(x? + y’), (1,1, 1/2) 

In Exercises 51 and 52, find equations for the lines that are tangent 


and normal to the level curve f(x, y) = c at the point Py. Then sketch 
the lines and level curve together with Vf at Py. 


tv 


_x 


51. y—sinx=1, P(a,1) 52. a 5 PA(1, 2) 


| 


Tangent Lines to Curves 
In Exercises 53 and 54, find parametric equations for the line that is 
tangent to the curve of intersection of the surfaces at the given point. 
53. Surfaces: x7 + 2y + 2z=4, y=1 

Point: d, 1, 1/2) 


54. Surfaces: x+y? +z7=2, y=1 


Point: (1/2, 1, 1/2) 


Linearizations 

In Exercises 55 and 56, find the linearization L(x, y) of the function f(x, y) 
at the point Py. Then find an upper bound for the magnitude of the error 
E in the approximation f(x, y) ~ L(x, y) over the rectangle R. 

55. f(x,y) = sinxcosy, Pj(a/4, 7/4) 


aa < 01, | -7| <0 


56. f(x,y) = xy — 3y? + 2, PC, 1) 
R: |x-1| <01, |y- 1] = 02 


R: 


Find the linearizations of the functions in Exercises 57 and 58 at the 
given points. 


57. f(x,y, Z) = xy + 2yz — 3xz at (1, 0, 0) and (1, 1, 0) 


58. f(x, y.z) = V2cosxsin(y + z) at (0,0,7/4) and (7/4, 
a /4, 0) 


Estimates and Sensitivity to Change 

59. Measuring the volume of a pipeline You plan to calculate the 
volume inside a stretch of pipeline that is about 36 in. in diameter 
and 1 mile long. With which measurement should you be more 
careful, the length or the diameter? Why? 


60. Sensitivity to change Is f(x, y) = x7 — xy + y? — 3 more 
sensitive to changes in x or to changes in y when it is near the 
point (1, 2)? How do you know? 

61. Change in an electrical circuit Suppose that the current / 
(amperes) in an electrical circuit is related to the voltage V (volts) 
and the resistance R (ohms) by the equation J = V/R. If the volt- 
age drops from 24 to 23 volts and the resistance drops from 100 to 
80 ohms, will J increase or decrease? By about how much? Is the 
change in J more sensitive to change in the voltage or to change in 
the resistance? How do you know? 


62. Maximum error in estimating the area of an ellipse If 
a = 10cm and b = 16cm to the nearest millimeter, what should 
you expect the maximum percentage error to be in the calculated 
area A = crab of the ellipse x*/a* + y*/b? = 1? 

63. Error in estimating a product Let y = wv and z=u+ v, 
where u and v are positive independent variables. 
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64. 


a. If wis measured with an error of 2% and v with an error of 3%, 
about what is the percentage error in the calculated value of y? 


b. Show that the percentage error in the calculated value of z is 
less than the percentage error in the value of y. 


Cardiac index To make different people comparable in studies 
of cardiac output, researchers divide the measured cardiac output 
by the body surface area to find the cardiac index C: 


cardiac output 


~~ body surface area’ 


The body surface area B of a person with weight w and height h is 
approximated by the formula 


B= 71.84 yw0-425 79-725 


which gives B in square centimeters when w is measured in kilo- 
grams and h in centimeters. You are about to calculate the cardiac 
index of a person 180 cm tall, weighing 70 kg, with cardiac out- 
put of 7 L/min. Which will have a greater effect on the calcula- 
tion, a 1-kg error in measuring the weight or a 1-cm error in mea- 
suring the height? 


Local Extrema 
Test the functions in Exercises 65—70 for local maxima and minima 
and saddle points. Find each function’s value at these points. 


65. 
66. 
67. 
68. 
69. 
70. 


f(x,y) =x? —xy t+ y? + 2x+ 2y-4 
f(x,y) = 5x? + 4xy — 2y? + 4x — 4y 
f(x, y) = 2x° + 3xy + 2y? 

MaMa + y= Sey 15 

f(x,y) = 0 + y? + 3x? — 3y? 

f(x,y) = xt — 8x? + 3y? — by 


Absolute Extrema 
In Exercises 71-78, find the absolute maximum and minimum values 
of f on the region R. 


71. 


72. 


73. 


74. 


75. 


76. 


77. 


f@, yy) = 2 + ay + y? — 3x + By 


R: The triangular region cut from the first quadrant by the line 
xty=4 

fy) =x? -y-ax4+ 4yt1 

R: The rectangular region in the first quadrant bounded by the 
coordinate axes and the lines x = 4 and y = 2 


f@y) = y’ — xy — 3y + 2x 

R: The square region enclosed by the lines x = +2 and y = +2 
f(x,y) = 2x + 2y— 3x7 - y? 

R: The square region bounded by the coordinate axes and the 
lines x = 2, y = 2 in the first quadrant 

f(x, y) = x? — y? — Ix + 4y 

R: The triangular region bounded below by the x-axis, above by 


the line y = x + 2, and on the right by the line x = 2 


f(x,y) = 4xy — xt — y4 + 16 


R: The triangular region bounded below by the line y = —2, 
above by the line y = x, and on the right by the line x = 2 


f(x,y) = 8 + y3 + 3x? — 3y? 
R: The square region enclosed by the lines x = +1 andy = +1 


78. f(ix.y)=et3xyty4+1 
R: The square region enclosed by the lines x = +1 andy = +1 


Lagrange Multipliers 

79. Extrema on a circle Find the extreme values of f(x, y) = 
x? + y? on the circle x7 + y? = 1. 

80. Extrema on a circle Find the extreme values of f(x, y) = xy 
on the circle x7 + y? = 1. 


81. Extrema in a disk Find the extreme values of f(x, y) = 
x? + 3y? + 2y on the unit disk x7 + y? < 1. 


82. Extrema in a disk Find the extreme values of f(x,y) = 
x? + y? — 3x — xy on the disk x7 + y? S 9. 


83. Extrema on a sphere Find the extreme values of f(x, y, z) = 
x — y + zonthe unit sphere x7 + y? + 27 = 1. 


84. Minimum distance to origin Find the points on the surface 
x? — zy = 4 closest to the origin. 


85. Minimizing cost of a box A closed rectangular box is to have 
volume Vcm*. The cost of the material used in the box is 
acents/cm? for top and bottom, b cents/cm? for front and back, 
and c cents/cm? for the remaining sides. What dimensions mini- 
mize the total cost of materials? 


86. Least volume Find the plane x/a + y/b + z/c = 1 that passes 
through the point (2, 1, 2) and cuts off the least volume from the 
first octant. 


87. Extrema on curve of intersecting surfaces Find the extreme 
values of f(x, y, z) = x(y + z) on the curve of intersection of the 
right circular cylinder x7 + y? = 1 and the hyperbolic cylinder 
xz= 1. 


88. Minimum distance to origin on curve of intersecting plane 
and cone Find the point closest to the origin on the curve of 
intersection of the plane x + y+ z= 1 and the cone 2? = 
2x? + 2y*. 


Theory and Examples 

89. Let w= f(r,0),r = Vx? + y?, and @ = tan! (y/x). Find 
dw/dx and dw /dy and express your answers in terms of r and 6. 

90. Let z = f(u, v), u = ax + by, and v = ax — by. Express z, and 
zy in terms of f,, f,, and the constants a and b. 


91. If a and b are constants, w = uw? + tanhu + cosu, and u = 
ax + by, show that 


92. Using the Chain Rule If w = In(@? + y* + 2z), x=rt+s, 
y =r-—_s, and z = 2rs, find w, and w, by the Chain Rule. Then 
check your answer another way. 


93. Angle between vectors The equations e“cos uv — x = 0 and 
e“sinv — y = 0 define uw and v as differentiable functions of x 
and y. Show that the angle between the vectors 


ou, , OU. dv, , Ov, 
ax! | ayd and ox. * ay? 


is constant. 


94. Polar coordinates and second derivatives Introducing polar 
coordinates x = rcos@ and y= rsin@ changes f(x, y) to 
g(r, 0). Find the value of 472/067 at the point (r, 0) = (2, 7/2), 
given that 


af of Pf of 
ax Oy ax? ay? 


1 


at that point. 
95. Normal line parallel to a plane Find the points on the surface 
(y + 2? + (< — x)? = 16 
where the normal line is parallel to the yz-plane. 


96. Tangent plane parallel to xy-plane Find the points on the 
surface 


xytytau-—x-2=0 
where the tangent plane is parallel to the xy-plane. 


97. When gradient is parallel to position vector Suppose that 
V f(x, y, z) is always parallel to the position vector xi + yj + zk. 
Show that f(0, 0, a) = f(0, 0, —a) for any a. 

98. One-sided directional derivative in all directions, but no gra- 


dient The one-sided directional derivative of f at P(X, yo, Zo) 
in the direction U = wi + uj + u3k is the number 


i f (Xp + SUy, Yo + Suz, % + Suz) — f (Xo, Yo: 2) 
a S : 
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Show that the one-sided directional derivative of 
fay, J=VP+yt+ 2 


at the origin equals 1 in any direction but that f has no gradient 
vector at the origin. 
99. Normal line through origin Show that the line normal to the 
surface xy + z = 2 at the point (1, 1, 1) passes through the origin. 
100. Tangent plane and normal line 
a. Sketch the surface x7 — y* + 2? = 4. 


b. Find a vector normal to the surface at (2,—3, 3). Add the 
vector to your sketch. 


c. Find equations for the tangent plane and normal line at 
(2, —3, 3). 


Partial Derivatives with Constrained Variables 
In Exercises 101 and 102, begin by drawing a diagram that shows the 
relations among the variables. 
101. If w = x°e% and z = x” — y’ find 

a (” », (a « (a 

* Vay), Vac), Vac) 

102. Let U = f(P, V,T) be the internal energy of a gas that obeys 
the ideal gas law PV = nRT (n and R constant). Find 


«(a)» () 
av), a), 
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Partial Derivatives 
1. Function with saddle at the origin If you did Exercise 60 in 
Section 14.2, you know that the function 


2 2 


ed 
rr (x, y) # (0, 0) 


0, (x, y) = (0, 0) 


f(x,y) = 


(see the accompanying figure) is continuous at (0, 0). Find 
fry(O, 0) and f,,(0, 0). 


2. Finding a function from second partials Find a function 
w = f(x,y) whose first partial derivatives are dw/dx = 1 + 
e* cos y and dw/dy = 2y — e* sin y and whose value at the point 
(In 2, 0) is In 2. 


3. A proof of Leibniz’s Rule Leibniz’s Rule says that if f is con- 
tinuous on [ a, b] and if u(x) and v(x) are differentiable functions 
of x whose values lie in [ a, b], then 


u(x) 
d dv 
x] fOdt= foe? 


u(x) 


fluc) 


Prove the rule by setting 


g(u, v) = / f@ dt, u = u(x), v = u(x) 


and calculating dg /dx with the Chain Rule. 


4. Finding a function with constrained second partials Suppose 
that f is a twice-differentiable function of r, that r= 


Ve Fy eS, and that 
Fat ty Fg = 0. 
Show that for some constants a and b, 
fr) =F +b. 


5. Homogeneous functions A function f(x, y) is homogeneous of 
degree n (n a nonnegative integer) if f(tx, ty) = t’ f(x, y) for all, 
x, and y. For such a function (sufficiently differentiable), prove 
that 
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of of 
a. xa + Vay nf (x, y) 


af of of 
oe (5) Te (=) ee (=) = n(n — If. 


6. Surface in polar coordinates Let 


sin 6r 
f(r,0)= 4 Or ° 
i r=0, 


where r and 6 are polar coordinates. Find 
a. lim f(r, ™) b. f,(0, 0) ce. for, 0), r #0. 


\ oa 


WS 


Gradients and Tangents 
7. Properties of position vectors Let r = xi + yj + zk and let 

r= (rl. 
a. Show that Vr = r/r. 
b. Show that V(r”) = nr”~?r. 
c. Find a function whose gradient equals r. 
d. Show that r-dr = rdr. 
e. Show that V(A-r) = A for any constant vector A. 


8. Gradient orthogonal to tangent Suppose that a differentiable 
function f(x, y) has the constant value c along the differentiable 
curve x = g(t), y = h(a); that is, 

f(g@, h@) = ¢ 
for all values of t. Differentiate both sides of this equation with 
respect to ¢ to show that Vf is orthogonal to the curve’s tangent 
vector at every point on the curve. 

9. Curve tangent to a surface Show that the curve 

r(t) = (nai + (¢tIndj + tk 


is tangent to the surface 


xz — yz + cosxy = 1 
at (0, 0, 1). 
10. Curve tangent to a surface Show that the curve 


r(t) = (§ 2)i (3 3)j + cos (t — 2)k 


is tangent to the surface 


e+ypt+2—-xz=0 
at (0,—1, 1). 


Extreme Values 

11. Extrema ona surface Show that the only possible maxima and 
minima of z on the surface z = x* + y? — 9xy + 27 occur at 
(0, 0) and (3, 3). Show that neither a maximum nor a minimum 


occurs at (0, 0). Determine whether z has a maximum or a mini- 
mum at (3, 3). 


12. Maximum in closed first quadrant Find the maximum value 
of f(x, y) = 6xye"?**>” in the closed first quadrant (includes the 
nonnegative axes). 


13. Minimum volume cut from first octant Find the minimum 
volume for a region bounded by the planes x = 0, y = 0,z = 0 
and a plane tangent to the ellipsoid 


2 2 2 


x y Zz 
Stet oe I 
ae bv @ 


at a point in the first octant. 


14. Minimum distance from a line to a parabola in xy-plane By 
minimizing the function f(x, y,u,v) = (x - uy + (yy - vy 
subject to the constraints y = x + 1 and u = v”, find the mini- 
mum distance in the xy-plane from the line y = x + 1 to the 
parabola y* = x. 


Theory and Examples 

15. Boundedness of first partials implies continuity Prove the 
following theorem: If f(x, y) is defined in an open region R of the 
xy-plane and if f, and f, are bounded on R, then f(x, y) is con- 
tinuous on R. (The assumption of boundedness is essential.) 


16. Suppose that r(t) = g(fi + h(Hj + kk is a smooth curve in 
the domain of a differentiable function f(x, y, z). Describe the 
relation between df/dt, Vf, and v = dr/dt. What can be said 
about Vf and v at interior points of the curve where f has extreme 
values relative to its other values on the curve? Give reasons for 
your answer. 


17. Finding functions from partial derivatives Suppose that f 
and g are functions of x and y such that 


of ag 


dy ax 


of — og 
ax dy’ 


and suppose that 


af 


ae 0, fd, 2) = g(7, 2) = 5, and f(O, 0) = 4. 


Find f(x, y) and g(x, y). 


18. Rate of change of the rate of change We know that if f(x, y) isa 
function of two variables and if u = ai + bj is a unit vector, then 
Dy f(x,y) = fx, ya + f(x, y)b is the rate of change of f(x, y) at 
(x, y) in the direction of u. Give a similar formula for the rate of 
change of the rate of change of f(x, y) at (x, y) in the direction u. 


19. Path of a heat-seeking particle A heat-seeking particle has the 
property that at any point (x, y) in the plane it moves in the direc- 
tion of maximum temperature increase. If the temperature at (x, y) 
is T(x, y) = —e*’ cos x, find an equation y = f(x) for the path of 
a heat-seeking particle at the point (7/4, 0). 


20. Velocity after a ricochet A particle traveling in a straight line 
with constant velocity i + j — 5k passes through the point (0, 0, 
30) and hits the surface z = 2x? + 3y?. The particle ricochets off 
the surface, the angle of reflection being equal to the angle of 
incidence. Assuming no loss of speed, what is the velocity of the 
particle after the ricochet? Simplify your answer. 


21. Directional derivatives tangent to a surface Let S be the sur- 
face that is the graph of f(x, y) = 10 — x? — y?. Suppose that the 
temperature in space at each point (x, y, z) is T(x, y, z) = x*y + 
y’z + 4x + 1dy + z. 


a. Among all the possible directions tangential to the surface S at 
the point (0, 0, 10), which direction will make the rate of 
change of temperature at (0, 0, 10) a maximum? 


b. Which direction tangential to S at the point (1, 1, 8) will make 
the rate of change of temperature a maximum? 


22. Drilling another borehole On a flat surface of land, geolo- 
gists drilled a borehole straight down and hit a mineral deposit at 
1000 ft. They drilled a second borehole 100 ft to the north of the 
first and hit the mineral deposit at 950 ft. A third borehole 100 ft 
east of the first borehole struck the mineral deposit at 1025 ft. 
The geologists have reasons to believe that the mineral deposit is 
in the shape of a dome, and for the sake of economy, they would 
like to find where the deposit is closest to the surface. Assuming 
the surface to be the xy-plane, in what direction from the first 
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borehole would you suggest the geologists drill their fourth 
borehole? 


The one-dimensional heat equation If w(x, f) represents the tem- 
perature at position x at time ¢ in a uniform wire with perfectly insu- 
lated sides, then the partial derivatives w,, and w, satisfy a differen- 
tial equation of the form 


This equation is called the one-dimensional heat equation. The value 
of the positive constant c? is determined by the material from which 
the wire is made. 


23. Find all solutions of the one-dimensional heat equation of the 
form w = e” sin zx, where r is a constant. 


24. Find all solutions of the one-dimensional heat equation that have 
the form w = e” sin kx and satisfy the conditions that w(0, ft) = 0 
and w(L, t) = 0. What happens to these solutions as tf > 00? 
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Mathematica/Maple Modules: 


Plotting Surfaces 
Efficiently generate plots of surfaces, contours, and level curves. 


Exploring the Mathematics Behind Skateboarding: Analysis of the Directional Derivative 
The path of a skateboarder is introduced, first on a level plane, then on a ramp, and finally on a paraboloid. Compute, plot, and analyze the direc- 


tional derivative in terms of the skateboarder. 


Looking for Patterns and Applying the Method of Least Squares to Real Data 
Fit a line to a set of numerical data points by choosing the line that minimizes the sum of the squares of the vertical distances from the points to 


the line. 


Lagrange Goes Skateboarding: How High Does He Go? 


Revisit and analyze the skateboarders’ adventures for maximum and minimum heights from both a graphical and analytic perspective using 


Lagrange multipliers. 


lo 


Multiple Integrals 


OVERVIEW In this chapter we define the double integral of a function of two variables f(x, y) 
over a region in the plane as the limit of approximating Riemann sums. Just as a single inte- 
gral represents signed area, so does a double integral represent signed volume. Double inte- 
grals can be evaluated using the Fundamental Theorem of Calculus studied in Section 5.4, 
but now the evaluations are done twice by integrating with respect to each of the variables 
x and y in turn. Double integrals can be used to find areas of more general regions in the 
plane than those encountered in Chapter 5. Moreover, just as the Substitution Rule could 
simplify finding single integrals, we can sometimes use polar coordinates to simplify com- 
puting a double integral. We study more general substitutions for evaluating double inte- 
grals as well. 

We also define triple integrals for a function of three variables f(x, y, z) over a region 
in space. Triple integrals can be used to find volumes of still more general regions in 
space, and their evaluation is like that of double integrals with yet a third evaluation. 
Cylindrical or spherical coordinates can sometimes be used to simplify the calculation of 
a triple integral, and we investigate those techniques. Double and triple integrals have a 
number of additional applications, such as calculating the average value of a multivariable 
function, and finding moments and centers of mass for more general regions than those 
encountered before. 


1 b: 1 Double and Iterated Integrals over Rectangles 
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FIGURE 15.1 Rectangular grid 
partitioning the region R into small 
rectangles of area AA, = Ax, Ay,. 
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In Chapter 5 we defined the definite integral of a continuous function f(x) over an interval 
[a,b] as a limit of Riemann sums. In this section we extend this idea to define the double 
integral of a continuous function of two variables f(x, y) over a bounded rectangle R in the 
plane. The Riemann sums for the integral of a single-variable function f(x) are obtained 
by partitioning a finite interval into thin subintervals, multiplying the width of each subin- 
terval by the value of f at a point c, inside that subinterval, and then adding together all the 
products. A similar method of partitioning, multiplying, and summing is used to construct 
double integrals as limits of approximating Riemann sums. 


Double Integrals 


We begin our investigation of double integrals by considering the simplest type of planar 
region, a rectangle. We consider a function f(x, y) defined on a rectangular region R, 


Ri astxeb, c=ye=d. 


We subdivide R into small rectangles using a network of lines parallel to the x- and y-axes 
(Figure 15.1). The lines divide R into n rectangular pieces, where the number of such 
pieces n gets large as the width and height of each piece gets small. These rectangles form 


R 
(Xx Ye) V™ MA, 


FIGURE 15.2 Approximating solids 
with rectangular boxes leads us to define 
the volumes of more general solids as 
double integrals. The volume of the solid 
shown here is the double integral of f(x, y) 
over the base region R. 


15.1 Double and Iterated Integrals over Rectangles 883 


a partition of R. A small rectangular piece of width Ax and height Ay has area AA = AxAy. 
If we number the small pieces partitioning R in some order, then their areas are given by 
numbers AA,, AA,,..., AA,, where AA, is the area of the kth small rectangle. 

To form a Riemann sum over R, we choose a point (x;, y;,) in the kth small rectangle, 
multiply the value of f at that point by the area AA,;, and add together the products: 


Sn a = f(%; Yq) AA,. 
k=1 


Depending on how we pick (x;, y;,) in the kth small rectangle, we may get different values 
for S,. 

We are interested in what happens to these Riemann sums as the widths and heights of 
all the small rectangles in the partition of R approach zero. The norm of a partition P, 
written ||P||, is the largest width or height of any rectangle in the partition. If |P|| = 0.1 
then all the rectangles in the partition of R have width at most 0.1 and height at most 0.1. 
Sometimes the Riemann sums converge as the norm of P goes to zero, written |P|| > 0. 
The resulting limit is then written as 


n 


lim > Fn, Ye) MAK. 
|P\|>0 4 
As ||P|| — 0 and the rectangles get narrow and short, their number n increases, so we can 
also write this limit as 


n 


lim S fy, 9) Ay, 


n—>0o p=] 


with the understanding that P| — 0, and hence AA, > 0, asn > 00, 

Many choices are involved in a limit of this kind. The collection of small rectangles is 
determined by the grid of vertical and horizontal lines that determine a rectangular parti- 
tion of R. In each of the resulting small rectangles there is a choice of an arbitrary point 
(x, yz) at which f is evaluated. These choices together determine a single Riemann sum. 
To form a limit, we repeat the whole process again and again, choosing partitions whose 
rectangle widths and heights both go to zero and whose number goes to infinity. 

When a limit of the sums S, exists, giving the same limiting value no matter what 
choices are made, then the function f is said to be integrable and the limit is called the 
double integral of f over R, written as 


| f(x, y) dA or | f(x, y) dxdy. 
R R 


It can be shown that if f(x, y) is a continuous function throughout R, then f is integrable, 
as in the single-variable case discussed in Chapter 5. Many discontinuous functions are 
also integrable, including functions that are discontinuous only on a finite number of 
points or smooth curves. We leave the proof of these facts to a more advanced text. 


Double Integrals as Volumes 


When f(x, y) is a positive function over a rectangular region R in the xy-plane, we may 
interpret the double integral of f over R as the volume of the 3-dimensional solid region 
over the xy-plane bounded below by R and above by the surface z = f(x, y) (Figure 15.2). 
Each term f(x, y, AA; in the sum S, = > f(x,y) AA; is the volume of a vertical rectan- 
gular box that approximates the volume of the portion of the solid that stands directly 
above the base AA;,. The sum S, thus approximates what we want to call the total volume 
of the solid. We define this volume to be 


Volume = lim S, = | f(x, y) dA, 
R 


where AA; — 0 as n> ©. 
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y=l 
x aw =f, 4-x-»a 


FIGURE 15.4 To obtain the cross- 
sectional area A(x), we hold x fixed and 
integrate with respect to y. 


As you might expect, this more general method of calculating volume agrees with the 
methods in Chapter 6, but we do not prove this here. Figure 15.3 shows Riemann sum 
approximations to the volume becoming more accurate as the number n of boxes increases. 


(a)n = 16 (b) n = 64 (c) n = 256 


FIGURE 15.3 Asn increases, the Riemann sum approximations approach the total 
volume of the solid shown in Figure 15.2. 
Fubini’s Theorem for Calculating Double Integrals 


Suppose that we wish to calculate the volume under the plane z = 4 — x — y over the 
rectangular region R:0 = x = 2,0 = y = 1 in the xy-plane. If we apply the method of 
slicing from Section 6.1, with slices perpendicular to the x-axis (Figure 15.4), then the 


volume is 

x=2 

; ACSiite (1) 
x=0 


where A(x) is the cross-sectional area at x. For each value of x, we may calculate A(x) as 
the integral 


y=1 
A(x) = . (4 — x — y) dy, (2) 

y=0 
which is the area under the curve z = 4 — x — y in the plane of the cross-section at x. In 
calculating A(x), x is held fixed and the integration takes place with respect to y. Combin- 


ing Equations (1) and (2), we see that the volume of the entire solid is 


x=2 x=2 y=1 
Volume = 7 A(x) dx = / (/ (4-—x- y) wy) dx 
x=0 x=0 y=0 
x=2 2 1y=1 x=2 
yr 7 
= y-a-3| ax | (J-=)ax 
/ 0 | - y=0 x=0 2 


If we just wanted to write a formula for the volume, without carrying out any of the 
integrations, we could write 


2 pl 
Volume = ; fi (4 — x — y) dydx. (3) 
0 Jo 


The expression on the right, called an iterated or repeated integral, says that the volume 
is obtained by integrating 4 — x — y with respect to y from y = 0 to y = 1, holding x 
fixed, and then integrating the resulting expression in x with respect to x from x = 0 to 
x = 2. The limits of integration 0 and 1 are associated with y, so they are placed on the 
integral closest to dy. The other limits of integration, 0 and 2, are associated with the vari- 
able x, so they are placed on the outside integral symbol that is paired with dx. 


x Ag) =f, @-x- yak 


FIGURE 15.5 To obtain the cross- 
sectional area A(y), we hold y fixed 
and integrate with respect to x. 


HISTORICAL BIOGRAPHY 
Guido Fubini 


(1879-1943) 
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What would have happened if we had calculated the volume by slicing with planes 
perpendicular to the y-axis (Figure 15.5)? As a function of y, the typical cross-sectional 
area iS 


x=2 a) 
A(y) = / (4—x-y)dx= as 2 »| = 6 — 2y. (4) 
x=0 2 


The volume of the entire solid is therefore 


y=1 y=1 
Volume = / A(y) dy = / (6 — 2y) dy = | 6y - y]o = 5, 
y=0 y=0 


in agreement with our earlier calculation. 
Again, we may give a formula for the volume as an iterated integral by writing 


1 p2 
Volume = / / (4 —x — y)dxdy. 
0 Jo 


The expression on the right says we can find the volume by integrating 4 — x — y with 
respect to x from x = 0 to x = 2 as in Equation (4) and integrating the result with respect 
to y from y = 0 to y = 1. In this iterated integral, the order of integration is first x and 
then y, the reverse of the order in Equation (3). 

What do these two volume calculations with iterated integrals have to do with the 


double integral 
| (4-—x-— y)dA 


R 


over the rectangle R:0 = x = 2,0 = y = 1? The answer is that both iterated integrals 
give the value of the double integral. This is what we would reasonably expect, since the 
double integral measures the volume of the same region as the two iterated integrals. A theo- 
rem published in 1907 by Guido Fubini says that the double integral of any continuous func- 
tion over a rectangle can be calculated as an iterated integral in either order of integration. 
(Fubini proved his theorem in greater generality, but this is what it says in our setting.) 


THEOREM 1—Fubini’s Theorem (First Form) If f(x, y) is continuous 
throughout the rectangular region Ria = x = b,c = y = d, then 


d pb b pd 
Jf vo dA -f / f(x, y) dx dy -| / f(x, y) dy dx. 
R c a a (S 


Fubini’s Theorem says that double integrals over rectangles can be calculated as iter- 
ated integrals. Thus, we can evaluate a double integral by integrating with respect to one 
variable at a time using the Fundamental Theorem of Calculus. 

Fubini’s Theorem also says that we may calculate the double integral by integrating in 
either order, a genuine convenience. When we calculate a volume by slicing, we may use 
either planes perpendicular to the x-axis or planes perpendicular to the y-axis. 


EXAMPLE 1 = Calculate ff, f(x, y) dA for 


f@y)=100—-6x*y and R: OSx82, -lSyH=1l. 
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z= 100 — 6x2y & Solution Figure 15.6 displays the volume beneath the surface. By Fubini’s Theorem, 


1 72 1 x=2 
Jf v6 y) dA = / / (100 — 6x*y) dx dy = / 1008 = 2y| dy 
-1/0 -1 x=0 
R 


1 
(200 — 16y) dy = 2005 - | = 400. 
= -1 


Reversing the order of integration gives the same answer: 


Dl 2 y=1 
/ / (100 — 6x*y) dy dx = / 1005 = a2] dx 
0 J-1 0 y=-l 
FIGURE 15.6 The double integral 


2 
le f(x, y) dA gives the volume under this = i [ (100 = 3x*) — (=100 = 327) ] dx 


surface over the rectangular 


region R (Example 1). 7 oa d dea 
= x= . | 
0 


EXAMPLE 2 Find the volume of the region bounded above by the elliptical parabo- 
loid z = 10 + x? + 3y? and below by the rectangle R:0 = x $< 1,0<y $2. 


Solution The surface and volume are shown in Figure 15.7. The volume is given by the 
double integral 


1 2 
v= ff oretana= fo [042 +3) aan 
0 0 
R 


FIGURE 15.7 The double integral 


hie p f(x, y) dA gives the volume under this y=2 
surface over the rectangular = ( oy + xy + y dx 
region R (Example 2). 0 y=0 
1 
= : 7 24 ' _ 86 
= (20 + 2x2 + 8)dx = | 20x + =x9 + 8x} ==. |_| 
0 3 0 3 
Evaluating Iterated Integrals aoe 2 p2 
In Exercises 1-14, evaluate the iterated integral. 13. I/ ayn xy dy 14. / / x In y dy dx 
-1/1 
ff raves a 
1 Jo 0 J-1 Evaluating Double Integrals over Rectangles 


a In Exercises 15-22, evaluate the double integral over the given 
5 y ) dx dy region R. 


Ori 1 pl x2 
af fe (x + y + 1) dxdy aff (:- 
a 040 
3 0 15. [f(r - 200. R: OSx<1, OS ys2 
aff (4 — y*) dy dx oe (x2y — 2xy) dy dx k 
oJ 


y a _ fs 16. ff (S)a Rp OS 224 l=y=2 
aff (og s | | (5+ >) dey ad 
In2 pln5 17. Jf cosas, Ro -lsxsl, 0OSysq7 
9. | / ey dy dx 10. i - xye* dy dx , 
0 JI 


2 pal2 ; 
uff sande nf «| sina + cos» aes 18. Jf vsince+ aa, R: -7<x<0, 0<y<aq 
='5 R 
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29. Find the volume of the region bounded above by the surface 


19. fle dA, Ri 0Sx=sIn2, OS y=In2 z = 2 sin x cos y and below by the rectangle R:0 = x S 7/2, 
Osysr/4. 
20. | xye”” dA, R: 0<x<2, 0<y<1 30. Find the volume of the region bounded above by the surface 
4 z=4-y and below by the rectangle R:0S x <1, 
O=y=2. 
xy? 2 73 
21. le “a {@: R: O=ys2 31. Find a value of the constant k so iat f : kx*y dx dy = 1. 
1 Jo 
x 1 7/2 
32. Evaluat in Vy dy dx. 
22. lane R: 0=x<=1, 0<y<=1 vatuate ff x sin Vy dy ax 
axeye ae 
‘ 33. Use Fubini’s Theorem to evaluate 
In Exercises 23 and 24, integrate f over the given region. oy _—e 
23. Square f(x, y) = 1/(@y) the square 1 <x 2, ovo Lt ay ve 
Lay7=2 34. Use Fubini’s Theorem to evaluate 
24. Rectangle f(x, y) = ycos xy over the rectangle 0 = x = a, 1 3 
Osyel [ [eaves 
25. Find the volume of the region bounded above by the paraboloid — 


26. 


27. 


28. 


T| 35. Use a software application to compute the integrals 


z=x7+y and below by the square R:-1=x<1, ne 
= = Vo Xe 
a aie a. | | ; 3 dx dy 
Find the volume of the region bounded above by the elliptical o Jo @ + y) 
: = 16 = 2 2 
paraboloid z= 16— x y- and below by the square 2 pl y-x 
R0Sx52,0Sys2. b. 3 dy dx 
oso @ + yy 


OS y= 1, 


Find the volume of the region bounded above by the plane 
z=2-x-y and below by 


Find the volume of the region bounded above by the plane 
z = y/2 and below by the rectangle R:0 Sx = 4,05 y <2. 


sqiare HO go 21, Explain why your results do not contradict Fubini’s Theorem. 


36. If f(x, y) is continuous over Ria =x=b,c=y=d and 


F(x, y) = [ [1 i auth 


on the interior of R, find the second partial derivatives F,,, and F,,. 
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Ay, 


PO Ye) 


FIGURE 15.8 A rectangular grid 
partitioning a bounded, nonrectangular 


region into rectangular cells. 


In this section we define and evaluate double integrals over bounded regions in the plane 
which are more general than rectangles. These double integrals are also evaluated as iterated 
integrals, with the main practical problem being that of determining the limits of integration. 
Since the region of integration may have boundaries other than line segments parallel to the 
coordinate axes, the limits of integration often involve variables, not just constants. 


Double Integrals over Bounded, Nonrectangular Regions 


To define the double integral of a function f(x, y) over a bounded, nonrectangular region 
R, such as the one in Figure 15.8, we again begin by covering R with a grid of small rect- 
angular cells whose union contains all points of R. This time, however, we cannot exactly 
fill R with a finite number of rectangles lying inside R, since its boundary is curved, and 
some of the small rectangles in the grid lie partly outside R. A partition of R is formed by 
taking the rectangles that lie completely inside it, not using any that are either partly or 
completely outside. For commonly arising regions, more and more of R is included as the 
norm of a partition (the largest width or height of any rectangle used) approaches zero. 

Once we have a partition of R, we number the rectangles in some order from | to n 
and let AA, be the area of the kth rectangle. We then choose a point (%;, y,) in the kth rect- 
angle and form the Riemann sum 


Sn = > f(%: Yn) AA,. 
k=1 
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As the norm of the partition forming S,, goes to zero, ||P|| > 0, the width and height of 
each enclosed rectangle goes to zero and their number goes to infinity. If f(x, y) is a con- 
tinuous function, then these Riemann sums converge to a limiting value, not dependent on 
any of the choices we made. This limit is called the double integral of f(x, y) over R: 


lim 2 fx We) AA, = | f(x, y)dA. 
R 


||P|| 0 

The nature of the boundary of R introduces issues not found in integrals over an interval. 
When R has a curved boundary, the n rectangles of a partition lie inside R but do not cover 
all of R. In order for a partition to approximate R well, the parts of R covered by small 
rectangles lying partly outside R must become negligible as the norm of the partition 
approaches zero. This property of being nearly filled in by a partition of small norm is 
satisfied by all the regions that we will encounter. There is no problem with boundaries 
made from polygons, circles, ellipses, and from continuous graphs over an interval, joined 
end to end. A curve with a “fractal” type of shape would be problematic, but such curves 
arise rarely in most applications. A careful discussion of which type of regions R can be 
used for computing double integrals is left to a more advanced text. 


Volumes 


If f(x, y) is positive and continuous over R, we define the volume of the solid region 
between R and the surface z = f(x, y) to be Sf, ri (, y) dA, as before (Figure 15.9). 

If R is a region like the one shown in the xy-plane in Figure 15.10, bounded “above” 
and “below” by the curves y = g)(x) and y = g(x) and on the sides by the lines 
x = a,x = b, we may again calculate the volume by the method of slicing. We first calcu- 
late the cross-sectional area 


Y= (x) 
A(x) = / f(x, y) dy 
ay 


= g(x) 
and then integrate A(x) from x = a to x = b to get the volume as an iterated integral: 


b b pgrlx) 
V= A(x) dx = / f(x, y) dy dx. (1) 


8X) 


z z= f(x, y) z 
Height = f(x,, y) 


R 
Y = 82%) 


(Xp YR) FIGURE 15.10 The area of the vertical 


Vai = ice { { a slice shown here is A(x). To calculate the 
line = Alin Aine R fey volume of the solid, we integrate this area 


from x = atox = b: 
FIGURE 15.9 We define the volumes of 


b Db pgolx) 
solids with curved bases as a limit of / A(x) dx = / / f(x, y) dy dx. 
approximating rectangular boxes. a a J g(x) 


x= hy(y) 


FIGURE 15.11 The volume of the solid 
shown here is 


d d hoy) 
io wf | f(x, y) dx dy. 
c c hy(y) 


For a given solid, Theorem 2 says we can 
calculate the volume as in Figure 15.10, or 
in the way shown here. Both calculations 
have the same result. 
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Similarly, if R is a region like the one shown in Figure 15.11, bounded by the curves 
x = hy(y) and x = h,(y) and the lines y = c and y = d, then the volume calculated by 
slicing is given by the iterated integral 


d hyy) 
Volume = / f(x, y) dx dy. (2) 
c hy) 

That the iterated integrals in Equations (1) and (2) both give the volume that we 
defined to be the double integral of f over R is a consequence of the following stronger 
form of Fubini’s Theorem. 


THEOREM 2—Fubini’s Theorem (Stronger Form) Let f(x, y) be continuous 
on a region R. 


1. If Ris defined by a = x = b, g\(x) = y = g,(x), with g, and g, continuous 


on [a,b], then 
b B(x) 
Jf % y) dA = / f(x, y) dy dx. 
a 81%) 


R 


2. If Ris defined by c = y = d,h,(y) = x S Ay), with h, and hy continuous 


on [c,d], then 
d hoy) 
| fx, y)dA = / flo y) dx dy, 
c hy(y) 


R 


EXAMPLE 1 Find the volume of the prism whose base is the triangle in the xy-plane 
bounded by the x-axis and the lines y = x and x = | and whose top lies in the plane 


z=f@%y=3-x-Yy. 


Solution See Figure 15.12. For any x between 0 and 1, y may vary from y = 0 toy = x 
(Figure 15.12b). Hence, 


il x 1 y? y=x 
v=f [e-x-yea= []y--3] dx 
0 J0 0 y=0 
1 _ 
_ 3x? 3x23 JX! 
=f, (- E)a=[F- 3] = 


When the order of integration is reversed (Figure 15.12c), the integral for the volume is 


1 pl 1 5 a4 

v= f [ o-x-naray= [ [ax -$- | dy 
Ovy 0 x=y 
1 2 

_ 1 y 2 

-[(3 77 Y yrtry)é 


I 3] y=1 
5 3, 5 Pre aA 
-| (3 y+3e)a=|% Dye ae oo 


The two integrals are equal, as they should be. a 
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FIGURE 15.12 (a) Prism with a triangular base in the xy-plane. The volume of this prism is 
defined as a double integral over R. To evaluate it as an iterated integral, we may integrate first 
with respect to y and then with respect to x, or the other way around (Example 1). (b) Integration 
limits of 


x=1 y=x 

| f(x, y) dy dx. 
x=0 Y¥y=0 

If we integrate first with respect to y, we integrate along a vertical line through R and then integrate 

from left to right to include all the vertical lines in R. (c) Integration limits of 


y=1 x=1 
if f(x, y) dx dy. 


y=0 Jx=y 


If we integrate first with respect to x, we integrate along a horizontal line through R and then inte- 
grate from bottom to top to include all the horizontal lines in R. 


Although Fubini’s Theorem assures us that a double integral may be calculated as an 
iterated integral in either order of integration, the value of one integral may be easier to 
find than the value of the other. The next example shows how this can happen. 


EXAMPLE 2 Calculate 


where R is the triangle in the xy-plane bounded by the x-axis, the line y = x, and the line 
x=1. 


>X 


0) 1 


FIGURE 15.13 The region of 
integration in Example 2. 


>Xx 
(a) 
y 
* * Leaves at 
aes 
Enters at 
y=1-x 
L 
>x 
0 x 1 
(b) 
y 
A re Leaves at 
y= Vi — x? 
1 
Enters at 
y=1-x 
is 
x 
0 % 1 e 
Smallest x Largest x 
isx=0 isx=1 


(c) 


FIGURE 15.14 Finding the limits of 
integration when integrating first with 
respect to y and then with respect to x. 
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Solution The region of integration is shown in Figure 15.13. If we integrate first with 
respect to y and then with respect to x, we find 


1 x. 1 , y=x 1 
sinx sinx |- : 
| (/ ay) dx / Gea ) ax = / sin x dx 
0 0 0 y=0. 0 


—cos(1) + 1 = 0.46. 
If we reverse the order of integration and attempt to calculate 


lpl, 
sin x 
[ [ Seo. 
Ovy 


we run into a problem because f ((sin.x) /x) dx cannot be expressed in terms of elemen- 
tary functions (there is no simple antiderivative). 

There is no general rule for predicting which order of integration will be the good one 
in circumstances like these. If the order you first choose doesn’t work, try the other. Some- 
times neither order will work, and then we need to use numerical approximations. | 


Finding Limits of Integration 


We now give a procedure for finding limits of integration that applies for many regions in 
the plane. Regions that are more complicated, and for which this procedure fails, can often 
be split up into pieces on which the procedure works. 


Using Vertical Cross-Sections When faced with evaluating Sf, ri (x, y) dA, integrating 
first with respect to y and then with respect to x, do the following three steps: 
1. Sketch. Sketch the region of integration and label the bounding curves (Figure 15.14a). 


2. Find the y-limits of integration. Imagine a vertical line L cutting through R in the direc- 
tion of increasing y. Mark the y-values where L enters and leaves. These are the y-limits 
of integration and are usually functions of x (instead of constants) (Figure 15.14b). 


3. Find the x-limits of integration. Choose x-limits that include all the vertical lines 
through R. The integral shown here (see Figure 15.14c) is 


x=1 py=V1-+ 
| f(x, y) dA = / / f(x, y) dy dx. 
J, x=0 Jy=l-x 


Using Horizontal Cross-Sections To evaluate the same double integral as an iterated 
integral with the order of integration reversed, use horizontal lines instead of vertical lines 
in Steps 2 and 3 (see Figure 15.15). The integral is 


1 pV1-y? 
|v y) dA = | | f(x, y) dx dy. 
R 0 J1-y 


rc y 

oo * Enters at 

N\N l x=1-y 

y > 
Smallest y \ Leaves at : 
is y= 0 x= Vi —y 

> >Xx 
0 1 


FIGURE 15.15 _ Finding the limits of 
integration when integrating first with 
respect to x and then with respect to y. 
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FIGURE 15.16 Region of 
integration for Example 3. 


>< 


R=R,UR, 


0 > 
| Ms: y) dA = | fi: y) dA + [fro y)dA 
R Ry Ry 


x 


FIGURE 15.17 The Additivity Property 


for rectangular regions holds for regions 
bounded by smooth curves. 


EXAMPLE 3 Sketch the region of integration for the integral 


2 p2x 
| (4x + 2) dy dx 
Osx 


and write an equivalent integral with the order of integration reversed. 


Solution The region of integration is given by the inequalities x* < y < 2x and 
0 < x S 2. It is therefore the region bounded by the curves y = x? and y = 2x between 
x = 0 and x = 2 (Figure 15.16a). 

To find limits for integrating in the reverse order, we imagine a horizontal line passing 
from left to right through the region. It enters at x = y/2 and leaves at x = Vy. To 
include all such lines, we let y run from y = 0 to y = 4 (Figure 15.16b). The integral is 


4 Vy 
/ / (4x + 2) dx dy. 
0 J y/2 


The common value of these integrals is 8. a 


Properties of Double Integrals 


Like single integrals, double integrals of continuous functions have algebraic properties 
that are useful in computations and applications. 


If f(x, y) and g(x, y) are continuous on the bounded region R, then the following 
properties hold. 


1. Constant Multiple: | cf(x, y)dA =c | f(x, y) dA (any number c) 
R R 


2. Sum and Difference: 


| (f(y) + g(x, y)) dA = | f(x, y)dA + | g(x, y) dA 
R R 


R 


3. Domination: 


(a) | f(x, y) dA 
R 

(b) | f(x,y) dA = | g(x, y) dA if fay) = ga, y)onR 
R R 


4, Additivity: | fx, y) dA = | f(x,y) dA + | f(x, y) dA 
R R, Ry 


if R is the union of two nonoverlapping regions R,; and R, 


V 


0 if f(x,y) =O0onR 


V 


Property 4 assumes that the region of integration R is decomposed into nonoverlap- 
ping regions R, and R, with boundaries consisting of a finite number of line segments or 
smooth curves. Figure 15.17 illustrates an example of this property. 


(a) 


FIGURE 15.18 (a) The solid “wedge- 
like” region whose volume is found in 
Example 4. (b) The region of integration R 
showing the order dx dy. 
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The idea behind these properties is that integrals behave like sums. If the function f(x, y) 
is replaced by its constant multiple cf(x, y), then a Riemann sum for f 


Sn = yy F(X, Ya) AA, 
k=1 


is replaced by a Riemann sum for cf 


p> Cf (5 x) AAR = 2 FO, WAAL = cS, 
Taking limits as n — © shows that clim,_...$, = eal i dA and lim, ..cS, = Ue cf dA 
are equal. It follows that the Constant Multiple Property carries over from sums to double 
integrals. 

The other properties are also easy to verify for Riemann sums, and carry over to dou- 
ble integrals for the same reason. While this discussion gives the idea, an actual proof that 
these properties hold requires a more careful analysis of how Riemann sums converge. 


EXAMPLE 4 Find the volume of the wedgelike solid that lies beneath the surface z = 
16 — x* — y* and above the region R bounded by the curve y = 2Vx, the line 
y = 4x — 2, and the x-axis. 


Solution Figure 15.18a shows the surface and the “wedgelike” solid whose volume we 
want to calculate. Figure 15.18b shows the region of integration in the xy-plane. If we inte- 
grate in the order dy dx (first with respect to y and then with respect to x), two integrations 
will be required because y varies from y = 0 to y = 2Vx for 0 S x S 0.5, and then var- 
ies from y = 4x — 2 to y = 2Vx for 0.5 S x S 1. So we choose to integrate in the 
order dx dy, which requires only one double integral whose limits of integration are indi- 
cated in Figure 15.18b. The volume is then calculated as the iterated integral: 


| (16 — x? — y’) dA 
R 
2 p(yt2)/4 
-{ / (16 — x? — y?) dx dy 
0 J y*/4 
2 


x3 x=(y+2)/4 
= ; 16x — 3 = xy" dx 
0 x=y'/4 


2, 3 2 6 4 
= [ [a+ G+ 2 _ OF W gag J +l 
0 


3-64 4 


I9ly  63y?2_ 145y3_49y4— yy? 2 
-| y , 63y y yioy ‘al 2805. poe - 


24 * 32 96 768 * 207 1344|,~ 1680 

Our development of the double integral has focused on its representation of the vol- 
ume of the solid region between R and the surface z = f(x, y) of a positive continuous 
function. Just as we saw with signed area in the case of single integrals, when f(x,, y,) is 
negative, then the product f(x, »,)AA;, is the negative of the volume of the rectangular 
box shown in Figure 15.9 that was used to form the approximating Riemann sum. So for 
an arbitrary continuous function f defined over R, the limit of any Riemann sum repre- 
sents the signed volume (not the total volume) of the solid region between R and the sur- 
face. The double integral has other interpretations as well, and in the next section we will 
see how it is used to calculate the area of a general region in the plane. 
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Exercises 


Sketching Regions of Integration 
In Exercises 1-8, sketch the described regions of integration. 


1.08x=3, 0O=y=2x 
-lsx=2, x-1lsys,r 
—2<ys2, ~psxe4 
OsyHl, ysx=d2y 


O=x=l1, es=y=ze 


Isxse, 0S ySInx 


NAY YS DS 


OsySl, 0SxSsin'y 


8 Os ys8, ty sxsyll 


Finding Limits of Integration 

In Exercises 9-18, write an iterated integral for Sf, pA over the 
described region R using (a) vertical cross-sections, (b) horizontal 
cross-sections. 


9. 10. 


13. Bounded by y = Vx, y = 0, and x = 9 
14. Bounded by y = tanx,x = 0, and y = 1 
15. Bounded by y = e*, y = 1, and x = In3 
16. Bounded by y = 0,x = 
17. Bounded by y = 3 — 2x, y = x, andx = 0 
18. Bounded by y = x? andy = x + 2 


0,y = 1, and y = Inx 


Finding Regions of Integration and Double Integrals 
In Exercises 19-24, sketch the region of integration and evaluate the 


integral. 
9. ff xsinyay ds 20. ff y dy dx 
0 Jo 0 Jo 


In8 elny 2 py? 
21. | | et? dx dy 22, | F dx dy 
1 0 1 y 
1 py 4 pVx 3 
23. 7 | 3y3e dx dy 24. | | = eV dy dx 
0/70 1 0 2 


In Exercises 25—28, integrate f over the given region. 


25. Quadrilateral f(x, y) = x/y over the region in the first quad- 
rant bounded by the lines y = x, y = 2x,x = 1, andx = 2 


26. Triangle f(x, y) = x* + y? over the triangular region with ver- 
tices (0, 0), (1, 0), and (0, 1) 


27. Triangle f(u,v) = v — Vu over the triangular region cut 
from the first quadrant of the wu-plane by the line u + v = 1 


28. Curved region f(s, t) = e°Int over the region in the first quad- 
rant of the st-plane that lies above the curve s = Int from t = 1 
tor =2 


Each of Exercises 29-32 gives an integral over a region in a Cartesian 
coordinate plane. Sketch the region and evaluate the integral. 


0 p-v 
29. / / 2dpdv_ (the pu-plane) 
—2/u 


1 V1—s? 
30. / | 8tdtds (the st-plane) 
0 J0 


7/3 psect 
31. / | 3costdudt (the tu-plane) 


7/3/70 


3/2 pa-2u 
32. | / a dv du_ (the uv-plane) 
0 v1 


v2 


Reversing the Order of Integration 
In Exercises 33-46, sketch the region of integration and write an 
equivalent double integral with the order of integration reversed. 


1 p4—2x 2 pod 
33. | | dy dx 34. | / dx dy 
0/2 0 Jy-2 
L pVy 1 pl-x 
35. | | dx dy 36. / i dy dx 
Ovy 0 J1-x 
1 per In2) p2 
37. i | dy dx 38. i / dx dy 
0/1 0 Je 
3/2 p9—-4x2 2 p4-y? 
39. i i 16x dy dx 40. | | y dx dy 
0 Jo 0 Jo 
1 pVi-y? 2 pV4—x 
41. | / 3y dx dy 42. | j 6x dy dx 
0 J-V1-7" 0 J-V4-2 
e plnx 7/6 pi/2 
43. / xy dy dx 44. | xy? dy dx 
1 0 


0 sin x 


3 pe V3 ptan!y 
as. | [ (x + y) dx dy 46 | Vay dx dy 
0 1 0 


0 


In Exercises 47—56, sketch the region of integration, reverse the order 
of integration, and evaluate the integral. 


2 p2 
47. LP 48. ‘ / 2y? sin xy dy dx 
0 Sx 
1 1 4-7 xe 2y 
49. i I xe dx dy 50. i [3 Td dx 
Ovy 
2Vin3 pVin3 
51. | 7 e” dx dy 
0 y/2 
3 1 
§2. | / e dy dx 
0 J Vx/3 
1/16 pl/2 
53. / / cos (167rx>) dx dy 
0 yi/4 
- [ dy dx 
oly +1 


55. Square region _[/, (y — 2x) dA where R is the region bounded 
by the square |x| + |y| = 


5 


_ 


56. Triangular region a pxy dA where R is the region bounded by 
the lines y = x,y = 2x, andx+y=2 


Volume Beneath a Surface z = f(x, y) 

57. Find the volume of the region bounded above by the paraboloid 
z= x? + y* and below by the triangle enclosed by the lines 
y = x,x = 0, and x + y = 2 in the xy-plane. 

58. Find the volume of the solid that is bounded above by the cylin- 
der z = x? and below by the region enclosed by the parabola 
y = 2 — x* and the line y = x in the xy-plane. 

59. Find the volume of the solid whose base is the region in the xy- 
plane that is bounded by the parabola y = 4 — x? and the line 
y = 3x, while the top of the solid is bounded by the plane 
z=xr+a4, 

60. Find the volume of the solid in the first octant bounded by the 
coordinate planes, the cylinder x* + y? = 4, and the plane 
zt+y=3. 

61. Find the volume of the solid in the first octant bounded by the 
coordinate planes, the plane x = 3, and the parabolic cylinder 
z=4-y. 

62. Find the volume of the solid cut from the first octant by the sur- 
facez=4-—x°-y. 

63. Find the volume of the wedge cut from the first octant by the cyl- 
inder z = 12 — 3y* and the plane x + y = 2. 

64. Find the volume of the solid cut from the square column 
|x| + |y| < 1 by the planes z = 0 and 3x + z = 3. 

65. Find the volume of the solid that is bounded on the front and back 
by the planes x = 2 and x = 1, on the sides by the cylinders 
y = +1/x, and above and below by the planes z = x + 1 and 
z= 0. 

66. Find the volume of the solid bounded on the front and back by the 
planes x = +77/3, on the sides by the cylinders y = +secx, 
above by the cylinder z = 1 + y?, and below by the xy-plane. 
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In Exercises 67 and 68, sketch the region of integration and the solid 
whose olune is given i the double integral. 


off. (bbe 


68. ie ele V25 — x* — y* dx dy 
-V16—y? 


Integrals over Unbounded Regions 

Improper double integrals can often be computed similarly to 
improper integrals of one variable. The first iteration of the following 
improper integrals is conducted just as if they were proper integrals. 
One then evaluates an improper integral of a single variable by taking 
appropriate limits, as in Section 8.8. Evaluate the improper integrals 
in Exercises 69-72 as iterated integrals. 


co Al 1 1/VI-2 
69. 7 / =, ay dx 70. [/ (2y + 1) dy dx 
1 Jex xX) —1d -1/V1-2 
71 i. —— dy 
* J cod 00 (x2 + 1)(y? + 1) ° 


72. i | xe +2) dx dy 
o Jo 


Approximating Integrals with Finite Sums 

In Exercises 73 and 74, approximate the double integral of f(x, y) over 
the region R partitioned by the given vertical lines x = a and horizon- 
tal lines y = c. In each subrectangle, use (x;, y,) as indicated for your 
approximation. 


| f(x,y) dA = >D FO, ¥) AAy 
1 
R 


73. f(x,y) = x + y over the region R bounded above by the semi- 
circle y = V1 — x? and below by the x-axis, using the partition 
x = —1,-1/2,0,1/4,1/2, 1 and y = 0, 1/2, 1 with (x, y,) the 
lower left corner in the kth subrectangle (provided the subrectan- 
gle lies within R) 

74. f(x,y) =x+2y over the region R inside the circle 
(x — 2 + (vy — 3)? = 1 using the partition x = 1, 3/2, 2,5/2, 
3 and y = 2, 5/2, 3, 7/2, 4 with (%;, y,) the center (centroid) in 
the kth subrectangle (provided the subrectangle lies within R) 


Theory and Examples 

75. Circular sector Integrate f(x, y) = V4 — x° over the smaller 
sector cut from the disk x7 + y* < 4 by the rays 6 = a/6 and 
0 = 7/2. 

76. Unboundedregion Integrate f(x, y) = 1/[ (x? — x)(y — 17/3] 
over the infinite rectangle 2 =<x<w,0S y= 2. 


77. Noncircular cylinder A solid right (noncircular) cylinder has 
its base R in the xy-plane and is bounded above by the paraboloid 
z= x7 + y’. The cylinder’s volume is 


1 py 2 p2-y 
= | / (x? + y?) dx dy + / / (x? + y?) dx dy. 
0/70 1/70 


Sketch the base region R and express the cylinder’s volume as a 
single iterated integral with the order of integration reversed. 
Then evaluate the integral to find the volume. 
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78. 


79. 


80. 


81. 


82. 


83. 
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Converting to a double integral Evaluate the integral 


2 
/ (tan! ax — tan! x) dx. 
0 


(Hint: Write the integrand as an integral.) 


Maximizing a double integral 
maximizes the value of 


Jie — x? — 2y*) dA? 


Give reasons for your answer. 


What region R in the xy-plane 


Minimizing a double integral 
minimizes the value of 


fife + y?— 9) dA? 


Give reasons for your answer. 


What region R in the xy-plane 


Is it possible to evaluate the integral of a continuous function f(x, y) 
over a rectangular region in the xy-plane and get different answers 
depending on the order of integration? Give reasons for your 
answer. 


How would you evaluate the double integral of a continuous 
function f(x, y) over the region R in the xy-plane enclosed by the 
triangle with vertices (0, 1), (2, 0), and (1, 2)? Give reasons for 
your answer. 


Unbounded region Prove that 


oe) b b 
/ fe ~Y dx dy = lim ‘| | e*-” dx dy 
—oo. J —00 bo J 4 Jp 
co ; 2 
= 4( | ee ax) : 
0 


15.3 Area by Double Integration 


In this section we show how to use double integrals to calculate the areas of bounded 
regions in the plane, and to find the average value of a function of two variables. 


84. Improper double integral 


1 3) Pe 
—— dy dx. 
[ GO — pe”? 


COMPUTER EXPLORATIONS 
Use a CAS double-integral evaluator to estimate the values of the 


integrals in Exercises 85-88. 
l pl 
86. | il e+ dy dx 
0 Jo 


3 px 
1 
85. sy dy dx 


1 pl 
87. Il tan”! xy dy dx 
0 J0 

1 V1—x? 
ss. [ [ 3V1 — x? — y* dy dx 
-1J0 


Use a CAS double-integral evaluator to find the integrals in Exercises 
89-94. Then reverse the order of integration and evaluate, again with 
aCAS. 


1 p4 
89. ; / e* dx dy 
0 ¥ 2y 
3 79 
90. / / x cos (y”) dy dx 
Osx 
2 pav2y 
91. rl / (x?y — xy?) dx dy 
0 Jy 
2 p4-y 
92. | | e dx dy 
0 J0 
2 px? 1 
3. | | Gaye 


Evaluate the improper integral 


2 p8 
1 
o,f [fava 
1 Jy Vi? + y? 


Areas of Bounded Regions in the Plane 


If we take f(x, y) = 1 in the definition of the double integral over a region R in the preced- 
ing section, the Riemann sums reduce to 


=> FO, Ye) AA, = > AA,. (1) 


This is simply the sum of the areas of the small rectangles in the partition of R, and approxi- 
mates what we would like to call the area of R. As the norm of a partition of R approaches zero, 
the height and width of all rectangles in the partition approach zero, and the coverage of R 
becomes increasingly complete (Figure 15.8). We define the area of R to be the limit 


iim, > AA, = il dA. (2) 


0 


FIGURE 15.19 The region in Example 1. 


aa 
< 
ll 
a 


0 
(b) 


FIGURE 15.20 Calculating this area 
takes (a) two double integrals if the first 
integration is with respect to x, but (b) only 
one if the first integration is with respect 
to y (Example 2). 
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DEFINITION The area of a closed, bounded plane region R is 


am jfas 


As with the other definitions in this chapter, the definition here applies to a greater 
variety of regions than does the earlier single-variable definition of area, but it agrees with 
the earlier definition on regions to which they both apply. To evaluate the integral in the 
definition of area, we integrate the constant function f(x, y) = | over R. 


EXAMPLE 1 Find the area of the region R bounded by y = x and y = x? in the first 
quadrant. 


Solution We sketch the region (Figure 15.19), noting where the two curves intersect at 
the origin and (1, 1), and calculate the area as 


1 px 1 x 
a= faa [>| dx 
0 J x 0 x 
1 


a (x — x*) dx x elt 
: 2° 5le 6 


Notice that the single-variable integral Ji 9 & — x’) dx, obtained from evaluating the inside 
iterated integral, is the integral for the area between these two curves using the method of 
Section 5.6. a 


EXAMPLE 2 Find the area of the region R enclosed by the parabola y = x? and the 
line y = x + 2. 


Solution If we divide R into the regions R, and Ry shown in Figure 15.20a, we may cal- 
culate the area as 


1 pVvy 4 pVy 
a= fas fia ff acdy + ff dx dy. 
ey , 0 J-Vy 1 J y-2 


On the other hand, reversing the order of integration (Figure 15.20b) gives 


2 pxt2 
A= / / dy dx. 
—1] x2 


This second result, which requires only one integral, is simpler and is the only one we 
would bother to write down in practice. The area is 


2 2: 2 . x2 x3 2 9 
a= fbf a= f+ 2-2)ae [S42 | 7: | 
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> Se 


> XxX 


FIGURE 15.21 The playing field 
described by the region R in 
Example 3. 


EXAMPLE 3 Find the area of the playing field described by 
R:-2sx52, -1-V4-x SyS1+ V4 — x’, using 


(a) Fubini’s Theorem (b) Simple geometry. 


Solution The region R is shown in Figure 15.21. 


(a) From the symmetries observed in the figure, we see that the area of R is 4 times its 
area in the first quadrant. Using Fubini’s Theorem, we have 


2 plt+V4—x? 
A= ie = af / dy dx 
4, 0 40 


2 
= af (1 + V4 = x?) dx 
0 


= al. + 5V4 et S sin 


1x 2 Integral Table 
2 a Formula 45 


= 4(2+0+2-E-0)=8 + ae 


(b) The region R consists of a rectangle mounted on two sides by half disks of radius 2. 
The area can be computed by summing the area of the 4 X 2 rectangle and the area of 
a circle of radius 2, so 


A=8+ 72? =8+4 4. a 


Average Value 


The average value of an integrable function of one variable on a closed interval is the inte- 
gral of the function over the interval divided by the length of the interval. For an integrable 
function of two variables defined on a bounded region in the plane, the average value is the 
integral over the region divided by the area of the region. This can be visualized by think- 
ing of the function as giving the height at one instant of some water sloshing around in a 
tank whose vertical walls lie over the boundary of the region. The average height of the 
water in the tank can be found by letting the water settle down to a constant height. The 
height is then equal to the volume of water in the tank divided by the area of R. We are led 
to define the average value of an integrable function f over a region R as follows: 


_ 1 
Average value of f over R = Seiore | f dA. (3) 
R 


If f is the temperature of a thin plate covering R, then the double integral of f over R 
divided by the area of R is the plate’s average temperature. If f(x, y) is the distance from 
the point (x, y) to a fixed point P, then the average value of f over R is the average distance 
of points in R from P. 


EXAMPLE 4 Find the average value of f(x,y) = xcosxy over the rectangle 
R0Sx57,05yH=1. 
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Solution The value of the integral of f over R is 


T pl 7 y=l1 
/ ‘ x cos xy dy dx = / sin »| dx 
0 Jo 0 y=0 


J xcos sap = sinxy + C 


-| Gin x ~ 0) dr = cos x| =1+1=2. 
0 0 


The area of R is 77. The average value of f over R is 2/7. a 


Exercises 


Area by Double Integrals 
In Exercises 1-12, sketch the region bounded by the given lines and 
curves. Then express the region’s area as an iterated double integral 
and evaluate the integral. 


1. The coordinate axes and the line x + y = 2 


2. The lines x = 0, y = 2x, and y = 4 

3. The parabola x = —y? and the line y = x + 2 

4. The parabola x = y — y’ and the line y = —x 

5. The curve y = e* and the lines y = 0, x = 0, and x = In2 

6. The curves y = Inx and y = 21nx and the line x = e, in the 
first quadrant 

7. The parabolas x = y? and x = 2y — y? 


8. The parabolas x = y? — | and x = 2y? — 2 
9. The lines y = 
10. The lines y 
11. The lines y = 
12. The lines y = x — 2 and y = —x and the curve y = Vx 


x,y = x/3, and y = 2 


1 — x and y = 2 and the curve y = e* 


2x,y = x/2,andy = 3 — x 


Identifying the Region of Integration 

The integrals and sums of integrals in Exercises 13-18 give the areas 
of regions in the xy-plane. Sketch each region, label each bounding 
curve with its equation, and give the coordinates of the points where 
the curves intersect. Then find the area of the region. 


6 p2y 3 px(2—x) 
13. | / dx dy 14. | } dy dx 
0 Jy/3 0 J-x 
7/4 pcos x 2 py+2 
15. Fi i dy dx 16. / i) dx dy 
0 sinx -lJy 
0 pl-x 2 pl-x 
17. y / dy dx + | 7 dy dx 
—ld¥ —2x 0 J-x/2 
2 p0 4 pVx 
18. j / dy dx + / | dy dx 
0 Jx-4 0/70 


Finding Average Values 
19. Find the average value of f(x, y) = sin(x + y) over 


O=y=q. 


Osys7/2. 


a. the rectangle 0 = x S 7, 


b. the rectangle 0 = x S 7, 


20. Which do you think will be larger, the average value of 
f(x,y) = xy over the square O=x=1,0=y<=1, or the 


21. 


22. 


average value of f over the quarter circle x* + y? < | in the first 
quadrant? Calculate them to find out. 


Find the average height of the paraboloid z = x? + y? over the 
squareO0 =x =2,0S y=2. 


Find the average value of f(x,y) = 1/(xy) over the square 
In2Sx521In2,n2 Sys 21In2. 


Theory and Examples 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


Geometric area _ Find the area of the region 
R05x52,2-xSys V4- x, 
using (a) Fubini’s Theorem, (b) simple geometry. 


Geometric area Find the area of the circular washer with outer 
radius 2 and inner radius 1, using (a) Fubini’s Theorem, (b) simple 
geometry. 

Bacterium population If f(x, y) = (10,000e)/(1 + |x| /2) 
represents the “population density” of a certain bacterium on the 
xy-plane, where x and y are measured in centimeters, find the total 
population of bacteria within the rectangle —5 = x =5 and 
=2 Sy = 0, 

Regional population If f(x,y) = 100(y + 1) represents the 
population density of a planar region on Earth, where x and y are 
measured in miles, find the number of people in the region 
bounded by the curves x = y? and x = 2y — y’. 


Average temperature in Texas According to the Texas Alma- 
nac, Texas has 254 counties and a National Weather Service sta- 
tion in each county. Assume that at time f), each of the 254 weather 
stations recorded the local temperature. Find a formula that would 
give a reasonable approximation of the average temperature in 
Texas at time f. Your answer should involve information that you 
would expect to be readily available in the Texas Almanac. 

If y = f(x) is a nonnegative continuous function over the closed 
interval a = x = b, show that the double integral definition of 
area for the closed plane region bounded by the graph of f, the 
vertical lines x = a and x = b, and the x-axis agrees with the 
definition for area beneath the curve in Section 5.3. 


Suppose f(x, y) is continuous over a region R in the plane and that 
the area A(R) of the region is defined. If there are constants m and 
M such that m = f(x, y) = M for all (x, y) eR, prove that 


mA(R) = [[% y) dA = MA(R). 
R 


Suppose f(x, y) is continuous and nonnegative over a region R in 
the plane with a defined area A(R). If hie pi lx, y) dA = 0, prove 
that f(x, y) = 0 at every point (x, y) ER. 
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15.4 Double Integrals in Polar Form 


Double integrals are sometimes easier to evaluate if we change to polar coordinates. This 
section shows how to accomplish the change and how to evaluate double integrals over 
regions whose boundaries are given by polar equations. 


Integrals in Polar Coordinates 


When we defined the double integral of a function over a region R in the xy-plane, we 
began by cutting R into rectangles whose sides were parallel to the coordinate axes. These 
were the natural shapes to use because their sides have either constant x-values or constant 
y-values. In polar coordinates, the natural shape is a “polar rectangle” whose sides have 
constant r- and 6-values. To avoid ambiguities when describing the region of integration 
with polar coordinates, we use polar coordinate points (7, 8) where r = 0. 

Suppose that a function f(r, #) is defined over a region R that is bounded by the rays 
0 = a and 0 = B and by the continuous curves r = g\(@) and r = g,(0). Suppose also 
that O = g,(0) = g(0) = a for every value of 6 between a@ and B. Then R lies in a fan- 
shaped region Q defined by the inequalities 0 =r=a and a=6<=f8, where 
0 = B -— a & 2m. See Figure 15.22. 


06=T7 


FIGURE 15.22 The region R: g\(0) = r S g8,(0),a < 0 & 8, is contained in the fan- 
shaped region Q:0 = r = a,a = 0 = B, where 0 = B — a & 27. The partition of Q 
by circular arcs and rays induces a partition of R. 


We cover Q by a grid of circular arcs and rays. The arcs are cut from circles centered 
at the origin, with radii Ar, 2Ar,..., mAr, where Ar = a/m. The rays are given by 


0=a, 6=a+t AQ, 6=a+ 2A0, ones 6=a+tm'AOd = 8B, 


where A@ = (8 — a)/m'. The arcs and rays partition Q into small patches called “polar 
rectangles.” 

We number the polar rectangles that lie inside R (the order does not matter), calling 
their areas AA,, AA),..., AA,. We let (%, 0,) be any point in the polar rectangle whose 
area is AA,;. We then form the sum 


Sy = > f(% 0,) AA,. 
k=1 


If f is continuous throughout R, this sum will approach a limit as we refine the grid to make 
Ar and A@ go to zero. The limit is called the double integral of f over R. In symbols, 


lim S, = | f(r, 0) dA. 
R 


FIGURE 15.23 


area of area of 
AA; = _ 
large sector small sector 


Large sector 


The observation that 


leads to the formula AA, = 7 Ar AO. 


y 
A 
2 ety=4 
V2 - 
yi) 
y= V2 (V4, v3) 
7 >Xx 
(a) 
4 
* Leaves at r = 2 
vg 
2 
R 
rsn@=y= V2 
or 
r=V2esc 0 Enters at r = \/2 esc 0 
0 
7 > x 
(b) 
y 
A 77 
es Largest 6 is > 
2 YY =x 
V2 
7 _ Smallest @ is =. 
7 >X 
(c) 
FIGURE 15.24 Finding the limits of 


integration in polar coordinates. 
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To evaluate this limit, we first have to write the sum S, in a way that expresses AA, in 
terms of Ar and A@. For convenience we choose 7; to be the average of the radii of the inner 
and outer arcs bounding the kth polar rectangle AA;. The radius of the inner arc bounding 
AA, is then n, — (Ar/2) (Figure 15.23). The radius of the outer arc is m+ (Ar/2). 

The area of a wedge-shaped sector of a circle having radius r and angle @ is 


as can be seen by multiplying zr’, the area of the circle, by 0/277, the fraction of the cir- 
cle’s area contained in the wedge. So the areas of the circular sectors subtended by these 


arcs at the origin are 
1 Ar\ 
5 @ 5) ) AOé 


dan. 1 Ar\ 
Outer radius: a\ % + oe Ad. 


Inner radius: 


Therefore, 


AA; = area of large sector — area of small sector 


= A4\(, + eal @ an)" — 2 (2n Ar) = mH Ar Ad. 


Combining this result with the sum defining S,, gives 


S,, _ »S f(%, 0,) ' Ar Aé. 
k=1 
As n— 0 and the values of Ar and A@ approach zero, these sums converge to the double 


integral 
lim S, = | f(r, 0) r dr dé. 


R 


A version of Fubini’s Theorem says that the limit approached by these sums can be evalu- 
ated by repeated single integrations with respect to r and 0 as 


O=B pr=g2(0) 
| f(r, 0) dA = ] / f 
‘b O=a 4 r=g\(8) 


Finding Limits of Integration 


(r, 0)r dr dé. 


The procedure for finding limits of integration in rectangular coordinates also works for 
polar coordinates. To evaluate I, pi, 9) dA over a region F in polar coordinates, integrat- 
ing first with respect to r and then with respect to 6, take the following steps. 


1. Sketch. Sketch the region and label the bounding curves (Figure 15.24a). 


2. Find the r-limits of integration. Imagine a ray L from the origin cutting through R in the 
direction of increasing r. Mark the r-values where L enters and leaves R. These are the 
r-limits of integration. They usually depend on the angle @ that L makes with the posi- 
tive x-axis (Figure 15.24b). 


3. Find the 0-limits of integration. Find the smallest and largest 6-values that bound R. 
These are the 6-limits of integration (Figure 15.24c). The polar iterated integral is 


0=7/2 pr=2 
| f(r, 0) dA = | / flr, Or dr a9. 
J, 0=7/4 J r=V2c8c0 
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r=1+cos0é 


>x 
v4 L 
g=—2 Enters Leaves at 
2 at r=1+cosé 


r=1 


FIGURE 15.25 Finding the limits of 
integration in polar coordinates for the 
region in Example 1. 


Area Differential in Polar Coordinates 
dA = rdrd@ 


Leaves at 


- r= V4cos 20 
y4_f 


>< 


> XxX 


es 


Enters at ‘\ r? = 4 cos 20 
r=0 


FIGURE 15.26 To integrate over the 
shaded region, we run r from 0 to 

V4 cos 26 and 6 from 0 to 77/4 
(Example 2). 


EXAMPLE 1 Find the limits of integration for integrating f(r, 0) over the region R 
that lies inside the cardioid r = 1 + cos 6 and outside the circle r = 1. 


Solution 


1. We first sketch the region and label the bounding curves (Figure 15.25). 


2. Next we find the r-limits of integration. A typical ray from the origin enters R where 
r = 1 and leaves where r = 1 + cos@. 


3. Finally we find the 6-limits of integration. The rays from the origin that intersect R run 
from 0 = —7/2 to 0 = 7/2. The integral is 


1/2 1+cos0 
/ | f(r, 0)r dr dé. Oo 
—7/2/7 1 


If f(r, 6) is the constant function whose value is 1, then the integral of f over R is the 
area of R. 


Area in Polar Coordinates 


The area of a closed and bounded region R in the polar coordinate plane is 


A= [freee 
R 


This formula for area is consistent with all earlier formulas, although we do not prove 
this fact. 


EXAMPLE 2 


Find the area enclosed by the lemniscate r? = 4 cos 20. 


Solution We graph the lemniscate to determine the limits of integration (Figure 15.26) and 
see from the symmetry of the region that the total area is 4 times the first-quadrant portion. 


7/4 pV4 cos 20 7/4 2 r=V4 cos 20 
A= | i rarao~ 4 +] dé 

0 0 0 

7/4 


r=0 


7/4 
= i 2.00820 dd = 4sin29| = 4, i 
0 0 


Changing Cartesian Integrals into Polar Integrals 


The procedure for changing a Cartesian integral if, ri, y) dx dy into a polar integral has 
two steps. First substitute x = rcos 0 and y = rsin 0, and replace dx dy by r dr dé in the 
Cartesian integral. Then supply polar limits of integration for the boundary of R. The Car- 
tesian integral then becomes 


| f(x, y) dx dy = | f(r cos 6, r sin 0) r dr dé, 
G 


R 


where G denotes the same region of integration now described in polar coordinates. This is 
like the substitution method in Chapter 5 except that there are now two variables to substi- 
tute for instead of one. Notice that the area differential dx dy is not replaced by dr d@ but 
by rdrd6. A more general discussion of changes of variables (substitutions) in multiple 
integrals is given in Section 15.8. 


FIGURE 15.27 The semicircular region 
in Example 3 is the region 


Osre=lil, OS=6087. 


FIGURE 15.28 The solid region in 
Example 5. 
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EXAMPLE 3 Evaluate 


| ety dy dx, 


R 


where R is the semicircular region bounded by the x-axis and the curve y = V1 — x? 


(Figure 15.27). 


Solution In Cartesian coordinates, the integral in question is a nonelementary integral 
and there is no direct way to integrate et” with respect to either x or y. Yet this integral 
and others like it are important in mathematics—in statistics, for example—and we need 
to find a way to evaluate it. Polar coordinates save the day. Substituting x = rcos 6, y = 
r sin @ and replacing dy dx by r dr dé enables us to evaluate the integral as 


7 1 7 1 
fer aa f / érarao= | [4e"| do 
0 0 0 0 


R 


_ 1 _ 7 
| 5) (e — 1) dé 5) (e — 1). 


The r in the r dr d0 was just what we needed to integrate e”. Without it, we would have 
been unable to find an antiderivative for the first (innermost) iterated integral. |_| 


EXAMPLE 4 Evaluate the integral 


1 V1-x 
| | (x? + y*) dy dx. 
0 J0 


Solution Integration with respect to y gives 


1 
fe gta2 
/ (evi=¥ + Cae) as 
0 


an integral difficult to evaluate without tables. 

Things go better if we change the original integral to polar coordinates. The region of 
integration in Cartesian coordinates is given by the inequalities 0 = y = V1 — x? and 
0 = x < 1, which correspond to the interior of the unit quarter circle x7 + y* = 1 in the 
first quadrant. (See Figure 15.27, first quadrant.) Substituting the polar coordinates 
x =rcosé,y = rsiné,0 = 6 S$ 7/2, and 0 =r S 1, and replacing dx dy by r dr dO 
in the double integral, we get 


1 pV1-x m/2 pl 
/ / (x? + y?) dy dx = : | (7?) r dr do 
0/70 0 0 
1/2 J 1/2 
r 1 7 
= AL do -f d@ = >. 
/ E r=0 0 4 8 


Why is the polar coordinate transformation so effective here? One reason is that x? + y? 
simplifies to r?. Another is that the limits of integration become constants. | 


EXAMPLE 5 Find the volume of the solid region bounded above by the paraboloid 
z= 9-— x — y* and below by the unit circle in the xy-plane. 


Solution The region of integration R is the unit circle x7 + y* = 1, which is described 
in polar coordinates by r = 1,0 = 6 S 27. The solid region is shown in Figure 15.28. 
The volume is given by the double integral 
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|[o-#-ya- hi (9 — r*) rdrdo 


0 0 
Qa r=1 
= i Ha _ 1a] da 
0 =0 
7 f" 7 
cosy ee = 7 
= 4 db = “5 


EXAMPLE 6 Using polar integration, find the area of the region R in the xy-plane 


enclosed by the circle x? + y? + 4, above the line y = 1, and below the line y = V3x. 


Solution A sketch of the region R is shown in Figure 15.29. First we note that the line 


inclination as 6 = 7/6. This information is shown in Figure 15.29. 


for the area then gives 


0 7/3 p2 
|i« = / r dr do 
FIGURE 15.29 The region R in J, 1/6 J csc 0 
Example 6. 1/3 r=2 
= hal dé 
7/6 r=csc 0 
7/3 1 
-| 7 [4 — esc? 0] do 
7/6 
1 1/3 
= 5|40 + coté 
2 
1/6 
_1(4m, 1 lf Aty 08 ae 
233 V3 2\ 6 3 


Exercises 15.4 


Regions in Polar Coordinates 33 4. 
In Exercises 1-8, describe the given region in polar coordinates. y 
1. 2. 
V3, 
, , 
” 4 
>X 
1 
>Xx x 0 
0 9 0 4 


y= 3x has slope V3 = tan 6, so 6 = ar /3. Next we observe that the line y = | inter- 
sects the circle x7 + y? = 4 when x7 + 1 = 4, or x = \/3. Moreover, the radial line 
from the origin through the point (V3, 1) has slope 1/ V3 = tan, giving its angle of 


Now, for the region R, as @ varies from 7/6 to 7/3, the polar coordinate r varies 
from the horizontal line y = 1 to the circle x* + y? = 4. Substituting r sin @ for y in the 
equation for the horizontal line, we have r sin @ = 1, or r = csc 0, which is the polar 
equation of the line. The polar equation for the circle is r = 2. So in polar coordinates, for 
7/6 = 0 = 7/3,r varies from r = csc #0 to r = 2. It follows that the iterated integral 


i) 6. 

y y 

” yn 
2-~~ 

2 

te, 0 i 5 >Xx 

>x 

0 1 2/3 

ab- 


7. The region enclosed by the circle x7 + y? = 2x 


8. The region enclosed by the semicircle x7 + y? = 2y,y = 0 


Evaluating Polar Integrals 
In Exercises 9-22, change the Cartesian integral into an equivalent 
polar integral. Then evaluate the polar integral. 


1 pV1-2 1 pV1-y* 
9. / | dy dx 10. / i (x? + y?) dx dy 
-1J0 0/0 


2 pV4a-y? 
uf (x? + y?) dx dy 
0/0 
a Var—x? 6 py 
ne dy dx 13. [ [ea 
-ad Va—x* 0/70 
V3 px 
15. | i dy dx 
1 1 


y 0 pO 
2 
i dedi 17. / / eT 
V2I V4-y? J Vink 1 + Vx? + y? 


Vi-e 4 
18. / / Pau a dx 
Jaffa (1 + x? + y’)? 


in 2 V (In 2)?—y? 
19. 7 f eV + dx dy 
0 Jo 


20. / i In(x? + y? + 1) dx dy 
-1J-V1-y? 


2x 
21. I / (x + 2y) dy dx 
0 x 


2 V2x—x7 l 
22. F 7 75 = cana Gy OX 
1 Jo (e447)? 


In Exercises 23-26, sketch the region of integration and convert each 
polar integral or sum of integrals to a Cartesian integral or sum of 
integrals. Do not evaluate the integrals. 


a/2 1 
23. | 7 r? sin 6 cos 6 dr dé 
0 Jo 
7/2 posed 
24. / - r? cos 6 dr dé 
7/6 J 1 
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7/4 p2secd 
25. ij ‘ r> sin? 6 dr dé 
10) 0 
tan!2 73 sec a/2 4 csc 0 
26. | | r’ drd@ + ‘ | r! dr dO 
0 0 tan! FJ 0 


Area in Polar Coordinates 

27. Find the area of the region cut from the first quadrant by the curve 
r= 2(2 — sin26)!/2, 

28. Cardioid overlapping a circle Find the area of the region that 
lies inside the cardioid r = 1 + cos@ and outside the circle 
r=1. 

29. One leaf of a rose Find the area enclosed by one leaf of the 
rose r = 12 cos 30. 


30. Snail shell Find the area of the region enclosed by the positive 
x-axis and spiral r = 40/3,0 < @ S 27. The region looks like a 
snail shell. 


31. Cardioid in the first quadrant Find the area of the region cut 
from the first quadrant by the cardioid r = 1 + sin 0. 


32. Overlapping cardioids Find the area of the region common to 
the interiors of the cardioids r = 1 + cos @ andr = | — cos @. 


Average Values 
In polar coordinates, the average value of a function over a region R 
(Section 15.3) is given by 


1 
Area(R) [fs 0) rdrdé. 
R 


33. Average height of a hemisphere Find the average height of 
the hemispherical surface z = Va? — x? — y* above the disk 
x? + y* < a’ in the xy-plane. 


34. Average height of a cone Find the average height of the (sin- 
gle) cone z = Vx? + y? above the disk x? + y* < a? in the 
xy-plane. 

35. Average distance from interior of disk to center Find the 
average distance from a point P(x, y) in the disk x? + y? = a’ to 
the origin. 


36. Average distance squared from a point in a disk to a point in 
its boundary Find the average value of the square of the dis- 
tance from the point P(x, y) in the disk x? + y* < 1 to the bound- 
ary point A(1, 0). 


Theory and Examples 

37. Converting to a _ polar integral Integrate f(x,y) = 
[In (x2 + y2)]/Vx2 + y? over the region | = x° + y? <e. 

38. Converting to a polar integral Integrate f(x,y) = 
[In(x? + y?)]/(x? + y?) over the region 1 < x? + y? < e”. 

39. Volume of noncircular right cylinder The region that lies 
inside the cardioid r = 1 + cos @ and outside the circle r = 1 is 
the base of a solid right cylinder. The top of the cylinder lies in 
the plane z = x. Find the cylinder’s volume. 

40. Volume of noncircular right cylinder The region enclosed by 
the lemniscate r? = 2 cos 26 is the base of a solid right cylinder 
whose top is bounded by the sphere z = V2 — r’. Find the cyl- 
inder’s volume. 
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41. 


42. 


43. 


44. 


45. 
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Converting to polar integrals 


a. The usual way to evaluate the improper integral 
[= [re o — dx is first to calculate its square: 


= ¢ er ax)(/ ey wv) - | | ey) dx dy. 
0 0 o Jo 


Evaluate the last integral using polar coordinates and solve 
the resulting equation for /. 


b. Evaluate 


tim, erf(x) = iim 


ter 
dt. 
0 Var 


Converting to a polar integral Evaluate the integral 


CO p”CO 1 
a ee, 
ie d+x24 ye "° 


Existence Integrate the function f(x,y) = 1/(1 — x? — y’) 
over the disk x? + y? = 3/4. Does the integral of f(x, y) over the 
disk x? + y* < 1 exist? Give reasons for your answer. 


Area formula in polar coordinates Use the double integral in 
polar coordinates to derive the formula 


for the area of the fan-shaped region between the origin and polar 
curver = f(0),a S068. 

Average distance to a given point inside a disk Let P, be a 
point inside a circle of radius a and let h denote the distance from 
Py to the center of the circle. Let d denote the distance from an 
arbitrary point P to Py. Find the average value of d? over the 
region enclosed by the circle. (Hint: Simplify your work by plac- 
ing the center of the circle at the origin and Py on the x-axis.) 


46. 


47. 


48. 


Area Suppose that the area of a region in the polar coordinate 


plane is 
3/4 p2sind 
anf / r dr do. 
a/ csc 


Sketch the region and find its area. 


Evaluate the integral _// p Vx’ + y°dA, where R is the region 
inside the upper semicircle of radius 2 centered at the origin, but 
outside the circle x7 + (y — 1% = 1 

Evaluate the integral _/[/, pix? + y*)? dA, where R is the region 


inside the circle x7 + y? = 2 forx =—1. 


COMPUTER EXPLORATIONS 

In Exercises 49-52, use a CAS to change the Cartesian integrals into 
an equivalent polar integral and evaluate the polar integral. Perform 
the following steps in each exercise. 


49. 


51. 


a. Plot the Cartesian region of integration in the xy-plane. 


b. Change each boundary curve of the Cartesian region in part 
(a) to its polar representation by solving its Cartesian equation 
for r and 0. 


c. Using the results in part (b), plot the polar region of integra- 
tion in the r@-plane. 


d. Change the integrand from Cartesian to polar coordinates. 
Determine the limits of integration from your plot in part (c) 
and evaluate the polar integral using the CAS integration utility. 


Ll= ff 3 


1 p2-y 
Li a= wee 52. i Vx + ydxdy 
3 Ve + y? Ody 


Fae dx Pie dx 


15.5 Triple Integrals in Rectangular Coordinates 


Just as double integrals allow us to deal with more general situations than could be han- 
dled by single integrals, triple integrals enable us to solve still more general problems. We 
use triple integrals to calculate the volumes of three-dimensional shapes and the average 
value of a function over a three-dimensional region. Triple integrals also arise in the study 


SN 


Triple Integrals 


(Xj Veo 21) 


of vector fields and fluid flow in three dimensions, as we will see in Chapter 16. 


‘ If F(x, y, z) is a function defined on a closed bounded region D in space, such as the region 

occupied by a solid ball or a lump of clay, then the integral of F over D may be defined in 

Sk the following way. We partition a rectangular boxlike region containing D into rectangular 

Ax, cells by planes parallel to the coordinate axes (Figure 15.30). We number the cells that lie 

AY, completely inside D from 1 to n in some order, the kth cell having dimensions Ax, by Ay, 


form the sum 


FIGURE 15.30 Partitioning a solid with 
rectangular cells of volume AY;. 


by Az, and volume AV, = 


Ax, Ay, Az. We choose a point (x;, y¢, Z) in each cell and 


= > Fete Yes DAV (1) 
k=1 
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We are interested in what happens as D is partitioned by smaller and smaller cells, so 
that Ax,, Ay,, Az, and the norm of the partition ||P||, the largest value among Ax, 
Ay,, Az, all approach zero. When a single limiting value is attained, no matter how the 
partitions and points (x;, yz, Zz) are chosen, we say that F is integrable over D. As before, 
it can be shown that when F is continuous and the bounding surface of D is formed from 
finitely many smooth surfaces joined together along finitely many smooth curves, then F 
is integrable. As |P|| 0 and the number of cells n goes to 00, the sums S, approach 
a limit. We call this limit the triple integral of F over D and write 


lim S, = ee y, z) dV or am: = |r y, z) dx dy dz. 
D D 


The regions D over which continuous functions are integrable are those having “reason- 
ably smooth” boundaries. 


Volume of a Region in Space 


If F is the constant function whose value is 1, then the sums in Equation (1) reduce to 
S, = DS FOe ye wWAYW= Yl AW = J AVY. 


As Ax,, Ay,, and Az, approach zero, the cells AV, become smaller and more numerous 
and fill up more and more of D. We therefore define the volume of D to be the triple integral 


lim S) AV, = I dV. 
k=1 H 
DEFINITION The volume of a closed, bounded region D in space is 


v= fff 


This definition is in agreement with our previous definitions of volume, although we omit 
the verification of this fact. As we see in a moment, this integral enables us to calculate the 
volumes of solids enclosed by curved surfaces. These are more general solids than the 
ones encountered before (Chapter 6 and Section 15.2). 


Finding Limits of Integration in the Order dz dy dx 


We evaluate a triple integral by applying a three-dimensional version of Fubini’s Theorem 
(Section 15.2) to evaluate it by three repeated single integrations. As with double integrals, 
there is a geometric procedure for finding the limits of integration for these iterated integrals. 


To evaluate 
| F(x, y, 2) dV 
D 


over a region D, integrate first with respect to z, then with respect to y, and finally with 
respect to x. (You might choose a different order of integration, but the procedure is simi- 
lar, as we illustrate in Example 2.) 


1. Sketch. Sketch the region D along with its “shadow” R (vertical projection) in the 
xy-plane. Label the upper and lower bounding surfaces of D and the upper and lower 
bounding curves of R. 
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z= fila, y) 


2 = fi y) 


2. Find the z-limits of integration. Draw a line M passing through a typical point (x, y) in 
R parallel to the z-axis. As z increases, M enters D at z = f(x, y) and leaves at 
z = f(x, y). These are the z-limits of integration. 


Leaves at 
z= fox y) 


Enters at 
z= fia y) 


a 


ea Y = 8px) 


3. Find the y-limits of integration. Draw a line L through (x, y) parallel to the y-axis. As y 
increases, L enters R at y = g,(x) and leaves at y = g>(x). These are the y-limits of 
integration. Z 


Enters at 
y = 81) 


Leaves at 
Y = 8o(x) 
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4. Find the x-limits of integration. Choose x-limits that include all lines through R paral- 
lel to the y-axis (x = a and x = b in the preceding figure). These are the x-limits of 
integration. The integral is 


X=b py=gylx) pz=fr2x,y) 
i / F(x, y, z) dz dy dx. 
x=a y 


=gia) 4 c=filx,y) 
Follow similar procedures if you change the order of integration. The “shadow” of 
region D lies in the plane of the last two variables with respect to which the iterated 
integration takes place. 


The preceding procedure applies whenever a solid region D is bounded above and 
below by a surface, and when the “shadow” region R is bounded by a lower and upper curve. 
It does not apply to regions with complicated holes through them, although sometimes such 
regions can be subdivided into simpler regions for which the procedure does apply. 


EXAMPLE 1 Find the volume of the region D enclosed by the surfaces z = x” + 3y” 


andz= 8 — x*— y’. 
v= fff aya 
D 


the integral of F(x, y, z) = 1 over D. To find the limits of integration for evaluating the 
integral, we first sketch the region. The surfaces (Figure 15.31) intersect on the elliptical 
cylinder x? + 3y? = 8 — x* — y? or x? + 2y? = 4,z > 0. The boundary of the region R, 
the projection of D onto the xy-plane, is an ellipse with the same equation: x? + 2y? = 4. 
The “upper” boundary of R is the curve y = V(4 — x?)/2. The lower boundary is the 
curve y = —V(4 — x”)/2. 

Now we find the z-limits of integration. The line M passing through a typical point 
(x, y) in R parallel to the z-axis enters D at z = x* + 3y’ and leaves at z = 8 — x* — y’. 


Solution The volume is 


Leaves at 
,=8-xr-y 


(2, 0, 4) 
Enters at 
z=xr +3" — 4 


Enters at | ee ay ; (—2, 0, 0) 
y=-V(4-°y2 + 


Leaves at 


y=V(4—-x°)/2 


FIGURE 15.31 The volume of the region enclosed by two paraboloids, 
calculated in Example 1. 
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1 (0, 1, 1) 


L 
Line 
oo Lo 1 & y= 1 
: 0, 1,0 
(0, 1, 4 
f- co te 
(x 27 
x Leaves at 
Enters at et 
if 2 Ot 
(1, 1, 0) 


FIGURE 15.32 Finding the limits of 
integration for evaluating the triple integral 


of a function defined over the tetrahedron 
D (Examples 2 and 3). 


FIGURE 15.33 The tetrahedron in Exam- 
ple 3 showing how the limits of integration 
are found for the order dz dy dx. 


Next we find the y-limits of integration. The line Z through (x, y) parallel to the y-axis 


enters R at y = —V(4 — x’)/2 and leaves at y = V(4 — x”)/2. 


Finally we find the x-limits of integration. As L sweeps across R, the value of x varies 
from x = —2 at (-2, 0, 0) to x = 2 at (2, 0, 0). The volume of D is 


V= [fee dx 
2-2 
[ . ol de dy dx 
V(4—)/2 ns P+3y? 
a jee ‘(8 — 2x? — 4y?) dy dx 
V (4-2/2 
4 ) V4 x)/' 
-f (8 — 2x*)y aye dx 
—2 y=- V(4-)/2 
= 3 » [4-22 _ 8(4-2)9? 
0 (218 2x7) 5) 3 5) dx 
2 
=f las)" -G2)"] a= P [o- rte 
a 2 3 2 


= 87 A72, After integration with the substitution x = 2 sin u Oo 


In the next example, we project D onto the xz-plane instead of the xy-plane, to show 
how to use a different order of integration. 


EXAMPLE 2 Set up the limits of integration for evaluating the triple integral of a 
function F(x, y, z) over the tetrahedron D with vertices (0, 0, 0), (1, 1, 0), (0, 1, 0), and 
(0, 1, 1). Use the order of integration dy dz dx. 


Solution We sketch D along with its “shadow” R in the xz-plane (Figure 15.32). The 
upper (right-hand) bounding surface of D lies in the plane y = 1. The lower (left-hand) 
bounding surface lies in the plane y = x + z. The upper boundary of R is the line 
z = | — x. The lower boundary is the line z = 0. 

First we find the y-limits of integration. The line through a typical point (x, z) in R 
parallel to the y-axis enters D at y = x + z and leaves at y = 1. 

Next we find the z-limits of integration. The line L through (x, z) parallel to the z-axis 
enters R at z = O and leaves at z = 1 — x. 

Finally we find the x-limits of integration. As L sweeps across R, the value of x varies 
from x = 0 to x = 1. The integral is 


1 l-x 1 
/ } / F(x, y, z) dy dz dx. fis 
070 xt+z 


EXAMPLE 3 Integrate F(x, y, z) = 1 over the tetrahedron D in Example 2 in the 
order dz dy dx, and then integrate in the order dy dz dx. 


Solution First we find the z-limits of integration. A line M parallel to the z-axis through 
a typical point (x, y) in the xy-plane “shadow” enters the tetrahedron at z = 0 and exits 
through the upper plane where z = y — x (Figure 15.33). 

Next we find the y-limits of integration. On the xy-plane, where z = 0, the sloped side 
of the tetrahedron crosses the plane along the line y = x. A line L through (x, y) parallel to 
the y-axis enters the shadow in the xy-plane at y = x and exits at y = | (Figure 15.33). 


15.5 Triple Integrals in Rectangular Coordinates 911 


Finally we find the x-limits of integration. As the line L parallel to the y-axis in the 
previous step sweeps out the shadow, the value of x varies from x = 0 to x = | at the 
point (1, 1, 0) (see Figure 15.33). The integral is 


1 1 yx 
| / | F(x, y, z) dz dy dx. 
O+x J0 


For example, if F(x, y, z) = 1, we would find the volume of the tetrahedron to be 


We get the same result by integrating with the order dy dz dx. From Example 2, 


1 pl-x pl 
v-f / / dy dz dx 

0 0 KZ 
1 1-x 

-{ f (1 — x — z)dzdx 
0 Jo 
| 1 ys 

= l= =. d. 

/ : ae 24 z=0 . 

1 

-f C —y-Fd - 9 dx 


0 
1 1 
= 2 — 2 
(d — x) dx 


1 


__l 3 1 
6 ( — x) I 6: a 
Average Value of a Function in Space 
The average value of a function F over a region D in space is defined by the formula 
_ 1 
Average value of F over D = alcerD vi F dv. (2) 
D 


For example, if F(x, y,z) = Vx? + y* + 2’, then the average value of F over D is the 
average distance of points in D from the origin. If F(x, y, z) is the temperature at (x, y, z) on 
a solid that occupies a region D in space, then the average value of F over D is the average 
temperature of the solid. 
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2 


vo 


x 


FIGURE 15.34 The region of 
integration in Example 4. 


EXAMPLE 4 Find the average value of F(x, y, z) = xyz throughout the cubical region 
D bounded by the coordinate planes and the planes x = 2, y = 2, and z = 2 in the first 
octant. 


Solution We sketch the cube with enough detail to show the limits of integration (Figure 
15.34). We then use Equation (2) to calculate the average value of F over the cube. 
The volume of the region D is (2)(2)(2) = 8. The value of the integral of F over the 


cube is 
[[ [oeae=[ [TE ve) “aae= ff rare 
y=2 2 
-f | tem f acac=[2 2| 
0 y=0 0 0 


With these values, Equation (2) gives 
Average valueof ss ie (Se) a4 
xyz over the cube volume nee 8 ; 
cube 


In evaluating the integral, we chose the order dx dy dz, but any of the other five possible 
orders would have done as well. a 


= 8. 


Properties of Triple Integrals 


Triple integrals have the same algebraic properties as double and single integrals. Simply 
replace the double integrals in the four properties given in Section 15.2, page 892, with 


triple integrals. 


Exercises 


Triple Integrals in Different Iteration Orders 


1. 


. Volume enclosed by paraboloids 


Evaluate the integral in Example 2 taking F(x, y, z) = 1 to find 
the volume of the tetrahedron in the order dz dx dy. 


. Volume of rectangular solid Write six different iterated triple 


integrals for the volume of the rectangular solid in the first octant 
bounded by the coordinate planes and the planes x = 1, y = 2, 
and z = 3. Evaluate one of the integrals. 


. Volume of tetrahedron Write six different iterated triple inte- 


grals for the volume of the tetrahedron cut from the first octant by 
the plane 6x + 3y + 2z = 6. Evaluate one of the integrals. 


. Volume of solid Write six different iterated triple integrals for 


the volume of the region in the first octant enclosed by the cyl- 
inder x? + 2? = 4 and the plane y = 3. Evaluate one of the 
integrals. 


Let D be the region bounded 
by the paraboloids z = 8 — x? — y* and z = x* + y’. Write six 
different triple iterated integrals for the volume of D. Evaluate 
one of the integrals. 


. Volume inside paraboloid beneath a plane Let D be the region 


bounded by the paraboloid z = x? + y* and the plane z = 2y. 
Write triple iterated integrals in the order dz dx dy and dz dy dx 
that give the volume of D. Do not evaluate either integral. 


Evaluating Triple Iterated Integrals 
Evaluate the integrals in Exercises 7—20. 


I pl pl 
1 ff [ears 2 deayac 


1 


12. 


13. 


we 


1 


17. 


18. 


= 


a 


dz dx dy 


8—x?-y? 
LPT 2 ff seein 
P4357 
3-3. 3-3x-y 7/6 
[/ | dz dy dx uf feces: 
0 Jo 0 0 0 J-2 
1 pl p2 
[ff fety+adracae 
V9-2 pV9-2 V4-y Qxt+y 
ie yi | dzdydx 14. i i a dz dx dy 
2: 2-x-y 1-x? p4—x?-y 
[ i” 7 dz dy dx 16. [ . / x dz dy dx 
0 Jo 0 0 Jo 3 
i | | cos (u + v + w)dududw_ (uvw-space) 
ie “y se’ ie 


ee drds_ (rst-space) 


7/4 plnsecv p2t 
19, | ; / e‘ dx dtdvu_ (tux-space) 
0 0 —oo 


7 p2 pV4-¢ q 
20. | | | ~4 1? dq dr (pqr-space) 


Finding Equivalent Iterated Integrals 
21. Here is the region of integration of the integral 


1 1 1-y 
/ j | dz dy dx. 
-1W PJ 0 


4 
‘4 


Top: y+z=1 


x (1, 1, 0) 


Rewrite the integral as an equivalent iterated integral in the order 


a. dy dz dx b. dy dx dz 
c. dx dy dz d. dx dz dy 
e. dz dx dy. 


22. Here is the region of integration of the integral 


Rewrite the integral as an equivalent iterated integral in the order 


a. dy dz dx b. dy dx dz 
c. dx dy dz d. dx dz dy 
e. dz dx dy. 


Finding Volumes Using Triple Integrals 
Find the volumes of the regions in Exercises 23-36. 


23. The region between the cylinder z = y and the xy-plane that is 
bounded by the planes x = 0,x = I, y ly=1 


z 


Va 
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24. The region in the first octant bounded by the coordinate planes 
and the planes x + z= ly + 27 =2 


zg 
y 
x 


25. The region in the first octant bounded by the coordinate planes, 
the plane y + z = 2, and the cylinder x = 4 — y? 


z 
K | 
x 


26. The wedge cut from the cylinder x7 + y* = 1 by the planes 
Z=—yandz = 


27. The tetrahedron in the first octant bounded by the coordinate planes 
and the plane passing through (1, 0, 0), (0, 2, 0), and (0, 0, 3) 


z 


(1, 0, 0) 


x 


28. The region in the first octant bounded by the coordinate planes, 
the plane y = 1 — x, and the surface z = cos(7x/2),0 =x = 1 


z 


p 
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29. The region common to the interiors of the cylinders x? + y* = 1 33. The region between the planes x + y + 2z = 2 and 2x + 2y + 
and x? + z? = 1, one-eighth of which is shown in the accompa- z = 4 in the first octant 
nying figure 34. The finite region bounded by the planes z = x,x + z= 8,z=y, 


y = 8, andz=0 


z 


35. The region cut from the solid elliptical cylinder x? + 4y* < 4 by 
the xy-plane and the plane z = x + 2 


36. The region bounded in back by the plane x = 0, on the front and 
sides by the parabolic cylinder x = 1 — y*, on the top by the 
paraboloid z = x* + y’, and on the bottom by the xy-plane 


Average Values 

In Exercises 37-40, find the average value of F(x, y, z) over the given 

region. 

37. F(x, y, z) = x? + 9 over the cube in the first octant bounded by 
the coordinate planes and the planes x = 2, y = 2, and z = 2 


38. F(x, y,z) =x + y — z over the rectangular solid in the first 
octant bounded by the coordinate planes and the planes 
x=1,y=1,andz=2 


39, F(x, y,z) =x* + y?+ 2 over the cube in the first octant 

30. The region in the first octant bounded by the coordinate planes bounded by the coordinate planes and the planes x = I, y = 1, 
and the surface z = 4 — x? — y and z= 1 

40. F(x, y, z) = xyz over the cube in the first octant bounded by the 
coordinate planes and the planes x = 2, y = 2, and z = 2 


z 


Changing the Order of Integration 
Evaluate the integrals in Exercises 41-44 by changing the order of 
integration in an appropriate way. 


41 ff fee yd 
e Xx dy dz 
. 0 Jo Jay 2Vz 
7 I pl pl 
42. | | :) 12xze® dy dx dz 
0OF07x 


31. The region in the first octant bounded by the coordinate planes, 
the plane x + y = 4, and the cylinder y* + 477 = 16 Vpl pin3 76 sin ary? 
43. — dx dy dz 
0S Vz/0 y 


; oo ae i sin 2 
44, 1 Ja = ady dz dx 
0/0 ot % 


Theory and Examples 


45. Finding an upper limit of an iterated integral Solve for a: 


1 p4-a—-x p4—3?—-y r 
dz dy dx = =. 
i : 


32. The region cut from the cylinder x* + y? = 4 by the plane z = 0 46. Ellipsoid For what value of c is the volume of the ellipsoid 
and the plane x + z = 3 x + (y/2) + (z/c)? = 1 equal to 8a? 


47. Minimizing a triple integral What domain D in space mini- 
mizes the value of the integral 


|e + 4y? + 2-4) dV? 
D 


Give reasons for your answer. 


48. Maximizing a triple integral What domain D in space maxi- 
mizes the value of the integral 


fifo —-x-y-27)dv? 


Give reasons for your answer. 


COMPUTER EXPLORATIONS 
In Exercises 49-52, use a CAS integration utility to evaluate the triple 
integral of the given function over the specified solid region. 


49. F(x, y,z) = x’y’z over the solid cylinder bounded by 
x? + y? = | and the planes z = 0 and z = 1 


50. F(x, y, z) = |xyz| over the solid bounded below by the parabo- 
loid z = x? + y? and above by the plane z = 1 


1 oF 6 Moments and Centers of Mass 
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z 
(x? af y? + 22)3/2 
the cone z = Vx? + y* and above by the plane z = 1 


51. F(x, y, z) over the solid bounded below by 


52. F(x,y,z) = x' + y? +2 over the solid sphere x? + y? + 
Vand 1 
os 


This section shows how to calculate the masses and moments of two- and three-dimensional 
objects in Cartesian coordinates. Section 15.7 gives the calculations for cylindrical and 
spherical coordinates. The definitions and ideas are similar to the single-variable case we 
studied in Section 6.6, but now we can consider more realistic situations. 


Amy = 8(x,, Yes Z) AVe 


, Zi) 
M= iim 


—o0o 
mn k 


Masses and First Moments 


If d(x, y, z) is the density (mass per unit volume) of an object occupying a region D in space, 
the integral of 6 over D gives the mass of the object. To see why, imagine partitioning the 
object into n mass elements like the one in Figure 15.35. The object’s mass is the limit 


> Am, = lim S64, ye, AVY = vi S(x,y, 2) dV. 
1 NFO p=] 
D 


The first moment of a solid region D about a coordinate plane is defined as the triple 
integral over D of the distance from a point (x, y, z) in D to the plane multiplied by the 


x s 


FIGURE 15.35 To define an object’s integral 
mass, we first imagine it to be partitioned 


into a finite number of mass elements 


Any. 


density of the solid at that point. For instance, the first moment about the yz-plane is the 


Ma = Jf y, z) dV. 
D 


The center of mass is found from the first moments. For instance, the x-coordinate of 


x 


EXAMPLE 1 
FIGURE 15.36 Finding the center of 
mass of a solid (Example 1). 


the center of mass is ¥ = M,./M. 

For a two-dimensional object, such as a thin, flat plate, we calculate first moments 
about the coordinate axes by simply dropping the z-coordinate. So the first moment about 
the y-axis is the double integral over the region R forming the plate of the distance from 
the axis multiplied by the density, or 


M, = | x6(x, y) dA. 
R 


Table 15.1 summarizes the formulas. 


Find the center of mass of a solid of constant density 6 bounded below 
by the disk R:x? + y? <4 in the plane z=0 and above by the paraboloid 
z=4-x* — y* (Figure 15.36). 
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TABLE 15.1 Mass and first moment formulas 


THREE-DIMENSIONAL SOLID 


Mass: M= | dV 5 = O(x, y, z) is the density at (x, y, z). 
D 


First moments about the coordinate planes: 


me= ff voav a= ff sav My = ff ssav 


Center of mass: 


ns A es i 
TWO-DIMENSIONAL PLATE 


My. M,; My 


Mass: M= Ec dA 5 = 8(,, y) is the density at (x, y). 
R 


First moments: M, = | x 6dA, M, = | yddA 
R R 
M 


y: == M, 
M’ -_™M 


Center of mass: x= 


Solution By symmetry x = y = 0. To find Z, we first calculate 


2=4-7-y 2 z=4-7-y 
My = z6 dzdy dx = =] 6 dy dx 
: z=0 2 2=0 
R R 
) 2 2)\2 “ 
= $ ff x y’)? dy dx 
R 


2a 2 
6 
= 2 (4 = r)*r dr d@ Polar coordinates simplify the integration. 
0 0 


Qa p= 20 
= ay. L(4 r)| dg = 189 fgg = 3278. 
0 


PI 6 a ae 3 


A similar calculation gives the mass 


4—2-y? 
u= fff 6 dz dy dx = 876. 
0 
R 


Therefore z = (M,,/M) = 4/3 and the center of mass is (x, y, Z) = (0, 0, 4/3). | 


When the density of a solid object or plate is constant (as in Example 1), the center of 
mass is called the centroid of the object. To find a centroid, we set 5 equal to 1 and pro- 
ceed to find x, y, and z as before, by dividing first moments by masses. These calculations 
are also valid for two-dimensional objects. 


EXAMPLE 2 Find the centroid of the region in the first quadrant that is bounded 
above by the line y = x and below by the parabola y = x?. 


FIGURE 15.37 The centroid of this 
region is found in Example 2. 


FIGURE 15.38 To find an integral for 
the amount of energy stored in a rotating 


shaft, we first imagine the shaft to be parti- 
tioned into small blocks. Each block has its 
own kinetic energy. We add the contribu- 
tions of the individual blocks to find the 
kinetic energy of the shaft. 
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Solution We sketch the region and include enough detail to determine the limits of inte- 
gration (Figure 15.37). We then set 6 equal to | and evaluate the appropriate formulas 
from Table 15.1: 


1 px 1 yHx 1 x2 x3]! 1 
u=[ firaa= f |p| a= [Go x2) dx E | a” 
0 Sx 0 y=x 0 0 
1 px 1 y y=x 
nef froe- [TL 
0 J x 0 yar 
; x. 3 x3 > |! 1 
-{6 7 cea oul 
‘ 6 O}, 15 
1 px 1 yEx 1 3 4]1 
= = = 2_ 3 x x _ 1 
My, | [row | | _i& | (x x3) dx E at 12° 
% y=x 


From these values of M, M,, and M,, we find 


_ M 1/12 4 _ mM is 9 
=> = = and y=, = 
M~ 1/6 2 M” 1/6 5 
The centroid is the point (1/2, 2/5). | 


Moments of Inertia 


An object’s first moments (Table 15.1) tell us about balance and about the torque the 
object experiences about different axes in a gravitational field. If the object is a rotating 
shaft, however, we are more likely to be interested in how much energy is stored in the 
shaft or about how much energy is generated by a shaft rotating at a particular angular 
velocity. This is where the second moment or moment of inertia comes in. 

Think of partitioning the shaft into small blocks of mass Am, and let 7, denote the 
distance from the kth block’s center of mass to the axis of rotation (Figure 15.38). If the 
shaft rotates at a constant angular velocity of w = d@/dt radians per second, the block’s 
center of mass will trace its orbit at a linear speed of 


d dé 
Ue = (70) = n, dt 1: 
The block’s kinetic energy will be approximately 


2 


5 Amn = 5 Am(neo)? = Swr? Am. 


The kinetic energy of the shaft will be approximately 
y Sarr? Am,. 


The integral approached by these sums as the shaft is partitioned into smaller and smaller 
blocks gives the shaft’s kinetic energy: 


KEgnart = [oer dm = ye fr dm. (1) 


T= [ran 


is the moment of inertia of the shaft about its axis of rotation, and we see from Equation (1) 
that the shaft’s kinetic energy is 


The factor 


1 
KE shart = zie”. 
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> N 


FIGURE 15.39 Distances from dV to the 
coordinate planes and axes. 


Center of 
a block 


FIGURE 15.40 Finding /,, J,, and I, for 
the block shown here. The origin lies at the 
center of the block (Example 3). 


The moment of inertia of a shaft resembles in some ways the inertial mass of a loco- 
motive. To start a locomotive with mass m moving at a linear velocity v, we need to pro- 
vide a kinetic energy of KE = (1/2)mv”. To stop the locomotive we have to remove this 
amount of energy. To start a shaft with moment of inertia / rotating at an angular velocity 
w, we need to provide a kinetic energy of KE = (1/2)/w’. To stop the shaft we have to 
take this amount of energy back out. The shaft’s moment of inertia is analogous to the 
locomotive’s mass. What makes the locomotive hard to start or stop is its mass. What 
makes the shaft hard to start or stop is its moment of inertia. The moment of inertia 
depends not only on the mass of the shaft but also on its distribution. Mass that is farther 
away from the axis of rotation contributes more to the moment of inertia. 

We now derive a formula for the moment of inertia for a solid in space. If r(x, y, z) is 
the distance from the point (x, y, z) in D to a line L, then the moment of inertia of the mass 
Am = 6%, ye, AVY. about the line L (as in Figure 15.38) is approximately AJ, = 
(Xz, Yes Z)Am,. The moment of inertia about L of the entire object is 


7, = lim a Al, = lim DY PGs Yes WO» Yer 2) AVE = Ihr dv. 
n> b=] 
D 


aes 


If L is the x-axis, then r? = y? + 2? (Figure 15.39) and 


l= Ife + 27) &x, y, z) dV. 
D 


Similarly, if Z is the y-axis or z-axis we have 


l= fife + 27) dx, y, 2) dV and L= ic + y) &(x, y, z) dV. 
D D 


Table 15.2 summarizes the formulas for these moments of inertia (second moments 
because they invoke the squares of the distances). It shows the definition of the polar 
moment about the origin as well. 


EXAMPLE 3 Find J,, J,, 1, for the rectangular solid of constant density 5 shown in 
Figure 15.40. 


Solution The formula for [, gives 


c/2 pb/2 pa/2 
n= f / i (y? + z*) 5 dx dy dz. 
—c/2F —b/2F —a/2 


We can avoid some of the work of integration by observing that (y* + z”)6 is an even 
function of x, y, and z since 6 is constant. The rectangular solid consists of eight symmet- 
ric pieces, one in each octant. We can evaluate the integral on one of these pieces and then 
multiply by 8 to get the total value. 


c/2 pb/2 pa/2 c/2 pb/2 
[= s/ / / (7 + 2) 8drdy de = 4ab [ / (y? + 27) dy dz 
0 0 0 0 0 
c/2 ys y=b/2 
= sao | E + “| dz 
0 y=0 
c/2 713 2 
_ be xb 
= sao | (g + 5) ) dz 


3 3 
= 4as(2 ae 2) SUG Ga Qeatges, weer 


48 48 12 12 
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TABLE 15.2 Moments of inertia (second moments) formulas 


THREE-DIMENSIONAL SOLID 


n= [foe + 2oav 
= fffce+2)oav 

= fife + sav 
a ere 


TWO-DIMENSIONAL PLATE 


About the x-axis: 


About the y-axis: 


About the z-axis: 


About a line L: 


56 = 6(x%, y, z) 


r(x, y, Z) = distance from the 
point (x, y, z) to line L 


About a line L: 


About the origin 
(polar moment): 


About the x-axis: 


About the y-axis: 


5 = d(x, y) 


n= ff reas 
i= |[ vou 


2 r(x, y) = distance from 
| (x, y) 8 dA ek 


l= [fe rmeuqn+ 4 


o 
I 


Similarly, 


EXAMPLE 4 


A thin plate covers the triangular region bounded by the x-axis and the 


lines x = | and y = 2x in the first quadrant. The plate’s density at the point (x, y) is 
O(x, y) = 6x + 6y + 6. Find the plate’s moments of inertia about the coordinate axes and 


the origin. 


A (1:2) 


X-axis 1S 


0 


FIGURE 15.41 The triangular region 
covered by the plate in Example 4. 


1 


= ax + a = 12. 


0 


Solution We sketch the plate and put in enough detail to determine the limits of integra- 
tion for the integrals we have to evaluate (Figure 15.41). The moment of inertia about the 


2x 2x 
I. -[f y6(x, yavac= ff (6xy? + 6y? + 6y*) dy dx 
- f [2 +3 y+ 298] ae = [ (aoe + 1685) a 
0 y=0 
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Beam A 


Axis 


Beam B 


Axis 


FIGURE 15.42 The greater the polar 
moment of inertia of the cross-section of a 
beam about the beam’s longitudinal axis, the 
stiffer the beam. Beams A and B have the 


Similarly, the moment of inertia about the y-axis is 


1 p2x 
L= / / x°8(x, y) dy dx = 2 
: 0 J0 


Notice that we integrate y” times density in calculating /, and x? times density to find I. 
Since we know /, and J,, we do not need to evaluate an integral to find Jj; we can use 
the equation J) = [, + J, from Table 15.2 instead: 


39 _ 60 + 39 _ 99 
5 5 57 


h=12+ = 


The moment of inertia also plays a role in determining how much a horizontal metal 
beam will bend under a load. The stiffness of the beam is a constant times /, the moment 
of inertia of a typical cross-section of the beam about the beam’s longitudinal axis. The 
greater the value of J, the stiffer the beam and the less it will bend under a given load. That 
is why we use I-beams instead of beams whose cross-sections are square. The flanges at 
the top and bottom of the beam hold most of the beam’s mass away from the longitudinal 
axis to increase the value of J (Figure 15.42). 


same cross-sectional area, but A is stiffer. 


Exercises 


Plates of Constant Density 


1, 


10. 


Finding a center of mass_ Find the center of mass of a thin 
plate of density 5 = 3 bounded by the lines x = 0, y = x, and 
the parabola y = 2 — x? in the first quadrant. 


. Finding moments of inertia Find the moments of inertia about 


the coordinate axes of a thin rectangular plate of constant density 
6 bounded by the lines x = 3 and y = 3 in the first quadrant. 


. Finding a centroid Find the centroid of the region in the first 


quadrant bounded by the x-axis, the parabola y* = 2x, and the 
linex + y = 4. 


. Finding a centroid Find the centroid of the triangular region 


cut from the first quadrant by the line x + y = 3. 


. Finding a centroid Find the centroid of the region cut from the 


first quadrant by the circle x7 + y* = a’. 


. Finding a centroid Find the centroid of the region between the 


x-axis and the arch y = sinx,O =x = 7. 


. Finding moments of inertia Find the moment of inertia about 


the x-axis of a thin plate of density 6 = 1 bounded by the circle 
x? + y? = 4, Then use your result to find I, and Jp for the plate. 


. Finding a moment of inertia Find the moment of inertia with 


respect to the y-axis of a thin sheet of constant density 6 = 1 
bounded by the curve y= (sin? x)/x* and the interval 
7 = x = 27 of the x-axis. 


. The centroid of an infinite region Find the centroid of the 


infinite region in the second quadrant enclosed by the coordinate 
axes and the curve y = e*. (Use improper integrals in the mass- 
moment formulas.) 


The first moment of an infinite plate Find the first moment 
about the y-axis of a thin plate of density 6(x, y) = 1 covering 


the infinite region under the curve y = ¢*/2 in the first 
quadrant. 


Plates with Varying Density 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


Finding a moment of inertia Find the moment of inertia about 
the x-axis of a thin plate bounded by the parabola x = y — y? and 
the line x + y = Oif dO, y) =x+y. 

Finding mass Find the mass of a thin plate occupying the 
smaller region cut from the ellipse x2 + 4y? = 12 by the parab- 
ola x = 4y’ if d(x, y) = 5x. 

Finding a center of mass Find the center of mass of a thin tri- 
angular plate bounded by the y-axis and the lines y = x and 
y=2— xif 6%, y) = 6x + 3y + 3. 

Finding a center of mass and moment of inertia Find the 
center of mass and moment of inertia about the x-axis of a thin 
plate bounded by the curves x = y? and x = 2y — y’ if the den- 
sity at the point (x, y) is 6%, y) = y + 1. 

Center of mass, moment of inertia Find the center of mass 
and the moment of inertia about the y-axis of a thin rectangular 
plate cut from the first quadrant by the lines x = 6 and y = 1 if 
6a,y)=xt+ yt 1. 

Center of mass, moment of inertia Find the center of mass 
and the moment of inertia about the y-axis of a thin plate bounded 
by the line y = 1 and the parabola y = x? if the density is 
6a%,y)=yt 1. 

Center of mass, moment of inertia Find the center of mass 
and the moment of inertia about the y-axis of a thin plate bounded 
by the x-axis, the lines x = +1, and the parabola y = x? if 
6, y) = Jy + 1. 


18. Center of mass, moment of inertia Find the center of mass 
and the moment of inertia about the x-axis of a thin rectangular 
plate bounded by the lines x = 0, x = 20, y = —1, and y = 1 if 
d(x, y) = 1 + (x/20). 

19. Center of mass, moments of inertia Find the center of mass, 
the moment of inertia about the coordinate axes, and the polar 
moment of inertia of a thin triangular plate bounded by the lines 
y=x,y = —x, andy = 1if dQ, y) =yt 1. 

20. Center of mass, moments of inertia Repeat Exercise 19 for 
&(x, y) = 3x7 + 1. 


Solids with Constant Density 

21. Moments of inertia Find the moments of inertia of the rectan- 
gular solid shown here with respect to its edges by calculating 
[,, [,, and I,. 


22. Moments of inertia The coordinate axes in the figure run 
through the centroid of a solid wedge parallel to the labeled 
edges. Find /,, J,, and J, ifa = b = 6 andc = 4. 


2 
& 


Centroid 
at (0, 0, 0) 


23. Center of mass and moments of inertia A solid “trough” of 
constant density is bounded below by the surface z = 4y’, above 
by the plane z = 4, and on the ends by the planes x = | and 
x = —1. Find the center of mass and the moments of inertia with 
respect to the three axes. 


24. Center of mass_ A solid of constant density is bounded below 
by the plane z = 0, on the sides by the elliptical cylinder 
x? + 4y* = 4, and above by the plane z = 2 — x (see the 
accompanying figure). 


a. Find x and y. 
b. Evaluate the integral 


2 p(l/2yV4—x? p2-x 
my= ff i z dz dy dx 
: 2) -(1/2)V4—2 J 0 


using integral tables to carry out the final integration with 
respect to x. Then divide M,, by M to verify that z = 5/4. 
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25. a. Center of mass Find the center of mass of a solid of con- 
stant density bounded below by the paraboloid z = x* + y? 
and above by the plane z = 4. 


b. Find the plane z = c that divides the solid into two parts of equal 
volume. This plane does not pass through the center of mass. 


26. Moments A solid cube, 2 units on a side, is bounded by the 
planes x = +1,z = +1,y = 3, and y = S. Find the center of 
mass and the moments of inertia about the coordinate axes. 


27. Moment of inertia about a line A wedge like the one in Exer- 
cise 22 has a = 4, b = 6, and c = 3. Make a quick sketch to check 
for yourself that the square of the distance from a typical point (x, y, z) 
of the wedge to the line L: z = 0, y = 6 is 7? = (y — 6 + 22. 
Then calculate the moment of inertia of the wedge about L. 


28. Moment of inertia about a line A wedge like the one in Exer- 
cise 22 has a = 4, b = 6, and c = 3. Make a quick sketch to check 
for yourself that the square of the distance from a typical point (x, y, z) 
of the wedge to the line L:x = 4,y = O is r? = (x — 4° + y*. 
Then calculate the moment of inertia of the wedge about L. 


Solids with Varying Density 
In Exercises 29 and 30, find 


a. the mass of the solid. b. the center of mass. 


29. A solid region in the first octant is bounded by the coordinate 
planes and the plane x + y + z = 2. The density of the solid is 
Ox, y, Z) = 2x. 

30. A solid in the first octant is bounded by the planes y = 0 and z = 0 
and by the surfaces z = 4 — x? and x = y? (see the accompanying 
figure). Its density function is 6(x, y, z) = kxy, k a constant. 


£ 
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In Exercises 31 and 32, find 


31. 


32. 


33. 


34. 


a. the mass of the solid. 
b. the center of mass. 
c. the moments of inertia about the coordinate axes. 


A solid cube in the first octant is bounded by the coordinate 
planes and by the planes x = 1, y = 1, and z = 1. The density 
of the cube is 6%, y,z) =x +yt+z41. 


A wedge like the one in Exercise 22 has dimensions a = 2, 
b = 6, and c = 3. The density is d(x, y, z) = x + 1. Notice that 
if the density is constant, the center of mass will be (0, 0, 0). 


Mass _ Find the mass of the solid bounded by the planes x + z = 1, 
x — z=-—1,y = 0, and the surface y = Vz. The density of the 
solid is 6(x, y, z) = 2y + 5. 

Mass_ Find the mass of the solid region bounded by the para- 
bolic surfaces z = 16 — 2x7 — 2y* and z = 2x? + 2y? if the 
density of the solid is 5(x, y, z) = Vx? + y’. 


Theory and Examples 

The Parallel Axis Theorem Let L,,, be a line through the center of 
mass of a body of mass m and let L be a parallel line units away 
from L,,. The Parallel Axis Theorem says that the moments of iner- 
tia .m, and J; of the body about L,,,,, and L satisfy the equation 


[, = Tees, + mh’. (2) 


As in the two-dimensional case, the theorem gives a quick way to cal- 
culate one moment when the other moment and the mass are known. 


35. 


Proof of the Parallel Axis Theorem 


a. Show that the first moment of a body in space about any 
plane through the body’s center of mass is zero. (Hint: Place 
the body’s center of mass at the origin and let the plane be 
the yz-plane. What does the formula ¥ = M,,/M then tell 
you?) 


36. 


37. 


38. 


b. To prove the Parallel Axis Theorem, place the body with its 
center of mass at the origin, with the line L,,, along the z-axis 
and the line L perpendicular to the xy-plane at the point (/, 0, 0). 
Let D be the region of space occupied by the body. Then, in the 
notation of the figure, 


[= |i |v — hil? dm. 
D 


Expand the integrand in this integral and complete the proof. 


The moment of inertia about a diameter of a solid sphere of constant 
density and radius a is (2/5)ma?, where m is the mass of the sphere. 
Find the moment of inertia about a line tangent to the sphere. 


The moment of inertia of the solid in Exercise 21 about the z-axis is 

I. = abc(a’ + b?)/3. 

a. Use Equation (2) to find the moment of inertia of the solid about 
the line parallel to the z-axis through the solid’s center of mass. 


b. Use Equation (2) and the result in part (a) to find the moment 
of inertia of the solid about the line x = 0, y = 2b. 


If a = b = 6 and c = 4, the moment of inertia of the solid wedge 
in Exercise 22 about the x-axis is J, = 208. Find the moment of 
inertia of the wedge about the line y = 4, z = —4/3 (the edge of 
the wedge’s narrow end). 


15. 1 Triple Integrals in Cylindrical and Spherical Coordinates 


When a calculation in physics, engineering, or geometry involves a cylinder, cone, or 
sphere, we can often simplify our work by using cylindrical or spherical coordinates, 
which are introduced in this section. The procedure for transforming to these coordinates 
and evaluating the resulting triple integrals is similar to the transformation to polar coordi- 
nates in the plane studied in Section 15.4. 


FIGURE 15.43 The cylindrical coordi- 
nates of a point in space are r, 0, and z. 


Integration in Cylindrical Coordinates 


We obtain cylindrical coordinates for space by combining polar coordinates in the xy-plane 
with the usual z-axis. This assigns to every point in space one or more coordinate triples of 
the form (r, 0, z), as shown in Figure 15.43. Here we require r = 0. 


DEFINITION Cylindrical coordinates represent a point P in space by ordered 
triples (r, 0, z) in which r = 0, 


1. rand @ are polar coordinates for the vertical projection of P on the xy-plane 


2. zis the rectangular vertical coordinate. 


0 = 4, 
rand z vary 


z= % 
rand 6 vary 


r=a, 
6 and z vary 


FIGURE 15.44  Constant-coordinate 
equations in cylindrical coordinates yield 
cylinders and planes. 


>N 


FIGURE 15.45 In cylindrical coordi- 
nates the volume of the wedge is approxi- 
mated by the product AV = AzrArA@é. 


Volume Differential in Cylindrical 
Coordinates 


dV = dzrdr dé 


15.7 Triple Integrals in Cylindrical and Spherical Coordinates 923 


The values of x, y, r, and 6 in rectangular and cylindrical coordinates are related by 
the usual equations. 


Equations Relating Rectangular (x, y, z) and Cylindrical (r, 0, z) Coordinates 


x = rcos8, y=rsind0, Z=4% 


r= x? t+ y’, tan@ = y/x 


In cylindrical coordinates, the equation r = a describes not just a circle in the xy-plane 
but an entire cylinder about the z-axis (Figure 15.44). The z-axis is given by r = 0. The 
equation 6 = 6, describes the plane that contains the z-axis and makes an angle 6) with 
the positive x-axis. And, just as in rectangular coordinates, the equation z = zy describes a 
plane perpendicular to the z-axis. 

Cylindrical coordinates are good for describing cylinders whose axes run along the 
z-axis and planes that either contain the z-axis or lie perpendicular to the z-axis. Surfaces 
like these have equations of constant coordinate value: 


=4 Cylinder, radius 4, axis the z-axis 
T 
6= 3 Plane containing the z-axis 
z= 2. Plane perpendicular to the z-axis 


When computing triple integrals over a region D in cylindrical coordinates, we parti- 
tion the region into n small cylindrical wedges, rather than into rectangular boxes. In the 
kth cylindrical wedge, r, @ and z change by An, A&, and Az, and the largest of these 
numbers among all the cylindrical wedges is called the norm of the partition. We define 
the triple integral as a limit of Riemann sums using these wedges. The volume of such a 
cylindrical wedge AV, is obtained by taking the area AA, of its base in the r@-plane and 
multiplying by the height Az (Figure 15.45). 

For a point (%, 0;, z,) in the center of the kth wedge, we calculated in polar coordi- 
nates that AA, = n, An, Ad,. So AV, = Ayn An, AO, and a Riemann sum for f over D 
has the form 


Sn = DY fi. Ox, Ze) Az '% Ar AO,. 
k=1 


The triple integral of a function f over D is obtained by taking a limit of such Riemann 
sums with partitions whose norms approach zero: 


im s, = ff fav = fff §dcrarae 
D D 


Triple integrals in cylindrical coordinates are then evaluated as iterated integrals, as in the 
following example. Although the definition of cylindrical coordinates makes sense with- 
out any restrictions on 6, in most situations when integrating, we will need to restrict @ to 
an interval of length 27. So we impose the requirement that a = 6 = B, where 
0=B-a&2zr. 


924 Chapter 15: Multiple Integrals 


Top 
Cartesian: z= x? + y? 
Cylindrical: z = r? 


(r, 8) 
Cartesian: x2 + (y- 1j7=4 
x Polar: r=2sin@ 


FIGURE 15.46 Finding the limits of 
integration for evaluating an integral in 
cylindrical coordinates (Example 1). 


EXAMPLE 1 Find the limits of integration in cylindrical coordinates for integrating a 
function f(r, 0, z) over the region D bounded below by the plane z = 0, laterally by the 
circular cylinder x” + (y — 1)? = 1, and above by the paraboloid z = x? + y?. 


Solution The base of D is also the region’s projection R on the xy-plane. The boundary 
of R is the circle x* + (y — 1)? = 1. Its polar coordinate equation is 


e+y-1P =1 
ePty-2+1=1 
r? — 2rsin@d = 0 


r=2sin0. 


The region is sketched in Figure 15.46. 

We find the limits of integration, starting with the z-limits. A line M through a typical 
point (7, 8) in R parallel to the z-axis enters D at z = 0 and leaves at z = x7 + y* =r’. 

Next we find the r-limits of integration. A ray L through (r, 8) from the origin enters 
Rat r = 0 and leaves at r = 2 sin 0. 

Finally we find the 6-limits of integration. As L sweeps across R, the angle @ it makes 
with the positive x-axis runs from 6 = 0 to 0 = a. The integral is 


wT p2sind pr 

Jf seoaw- ff J s.0.2.derar ao o 
0 Jo 0 

D 


Example | illustrates a good procedure for finding limits of integration in cylindrical 
coordinates. The procedure is summarized as follows. 


How to Integrate in Cylindrical Coordinates 


|i f(r, 8, z) dV 
D 


over a region D in space in cylindrical coordinates, integrating first with respect to z, then 
with respect to r, and finally with respect to 6, take the following steps. 


To evaluate 


1. Sketch. Sketch the region D along with its projection R on the xy-plane. Label the sur- 
faces and curves that bound D and R. 


r=h,(@) 


r= h,(6) 


FIGURE 15.47 Example 2 shows how 
to find the centroid of this solid. 
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2. Find the z-limits of integration. Draw a line M through a typical point (r, 0) of R paral- 
lel to the z-axis. As z increases, M enters D at z = g;(r, 0) and leaves at z = g,(r, 8). 
These are the z-limits of integration. 


z= ei(7, 8) 


3. Find the r-limits of integration. Draw a ray L through (r, 6) from the origin. The ray 
enters R at r = h,(@) and leaves at r = h,(0). These are the r-limits of integration. 


Z= gol7, 8) 


4. Find the 0-limits of integration. As L sweeps across R, the angle 6 it makes with the 
positive x-axis runs from 0 = a to @ = B. These are the 6-limits of integration. The 
integral is 


O=B pr=h0) pz=g2lr, 9) 
|i f(r, 8, z) dV = 7 f(r, 0, z) dz r dr dé. 
d=a 
D 


r=h (0) J z=8,(r, 8) 


EXAMPLE 2 Find the centroid (6 = 1) of the solid enclosed by the cylinder 
x? + y* = 4, bounded above by the paraboloid z = x? + y, and bounded below by the 
xy-plane. 


Solution We sketch the solid, bounded above by the paraboloid z = r? and below by the 
plane z = 0 (Figure 15.47). Its base R is the disk 0 = r S 2 in the xy-plane. 
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> 


FIGURE 15.48 The spherical coordinates 
p, &, and @ and their relation to x, y, z, and r. 


z 


P(a, do, 99) 


0 = 0, 
p and @ vary 


FIGURE 15.49  Constant-coordinate 
equations in spherical coordinates yield 
spheres, single cones, and half-planes. 


The solid’s centroid (x, y, Z) lies on its axis of symmetry, here the z-axis. This makes 
x = y = 0. To find z, we divide the first moment M,,, by the mass M. 

To find the limits of integration for the mass and moment integrals, we continue with 
the four basic steps. We completed our initial sketch. The remaining steps give the limits 
of integration. 

The z-limits. A line M through a typical point (7, 8) in the base parallel to the z-axis 
enters the solid at z = 0 and leaves at z = r’. 

The r-limits. A ray L through (r, 0) from the origin enters R at r = O and leaves at 
r=2. 

The 6-limits. As L sweeps over the base like a clock hand, the angle @ it makes with 
the positive x-axis runs from 6 = 0 to 6 = 27. The value of M,, is 


QT Qa 2 
my = [ ee cderarad =f fle r dr do 
QT 5 QT 612 QT 
-f [Sara = [ +] w= | dg = 2 
0 Jo 0 0 0 


The value of M is 


we PE fl ceracan= [fs] rae 
[foe [Gla [on 


My 327 1 4 
M 3 82 «3° 


Therefore, 


and the centroid is (0, 0, 4/3). Notice that the centroid lies on the z-axis, outside the solid. 
| 


Spherical Coordinates and Integration 


Spherical coordinates locate points in space with two angles and one distance, as shown in 
, is the point’s distance from the origin and 
is never negative. The second coordinate, d, is the angle OP makes with the positive 
z-axis. It is required to lie in the interval [0,7]. The third coordinate is the angle @ as 
measured in cylindrical coordinates. 


DEFINITION Spherical coordinates represent a point P in space by ordered 
triples (p, @, 8) in which 

1. p is the distance from P to the origin (p = 0). 

2. ¢ is the angle OP makes with the positive z-axis (0 = @ = 7m). 


3. 6 is the angle from cylindrical coordinates. 


On maps of the earth, 6 is related to the meridian of a point on the earth and ¢ to its 
latitude, while p is related to elevation above the earth’s surface. 

The equation p = a describes the sphere of radius a centered at the origin (Figure 15.49). 
The equation @ = po describes a single cone whose vertex lies at the origin and whose 
axis lies along the z-axis. (We broaden our interpretation to include the xy-plane as the 
cone ¢ = 7/2.) If do is greater than 77/2, the cone 6 = ¢y opens downward. The equa- 
tion 6 = 6p describes the half-plane that contains the z-axis and makes an angle 6) with 
the positive x-axis. 


>N 


rtyt(-1P=1 
pa p=2cos¢ 


FIGURE 15.50 The sphere in Example 3. 


x y 


FIGURE 15.51 The cone in Example 4. 
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Equations Relating Spherical Coordinates to Cartesian 
and Cylindrical Coordinates 


r= psind, x = rcos@ = psindcos 6, 


z= pcos ¢, y =rsin@é = psingd sin@, (1) 
p=Vety+2=vVP4 2. 


EXAMPLE 3 Find a spherical coordinate equation for the sphere x* + y?+ 
(z-1P =1. 


Solution We use Equations (1) to substitute for x, y, and z: 
ertyt+(c-1y=1 
p’ sin’ & cos*@ + p’sin® f sin?6 + (pcos @ — 1)? = 1 Eqs. (1) 
p’ sin’ d(cos?6 + sin?@) + p?cos*d — 2pcosd6 +1 = 1 
i 


p’(sin?d + cos’) = 2pcos 
1 


p’ = 2pcosd@ 
p =2cos¢. p>o 
The angle ¢ varies from 0 at the north pole of the sphere to 7/2 at the south pole; the 


angle @ does not appear in the expression for p, reflecting the symmetry about the z-axis 
(see Figure 15.50). | 


EXAMPLE 4 Find a spherical coordinate equation for the cone z = Vx? + y?. 


Solution 1 Use geometry. The cone is symmetric with respect to the z-axis and cuts the 
first quadrant of the yz-plane along the line z = y. The angle between the cone and the 
positive z-axis is therefore 7/4 radians. The cone consists of the points whose spherical 
coordinates have equal to 7/4, so its equation is @ = 7/4. (See Figure 15.51.) 


Solution 2 Use algebra. If we use Equations (1) to substitute for x, y, and z we obtain 
the same result: 


z=) / 2 + y? 
pcos@ = Vp’sin?@ — Example 3 


pcos d@ = psing p > 0, sind = 0 
cosh = sing 
¢=7 0<¢s7 |_| 


Spherical coordinates are useful for describing spheres centered at the origin, half-planes 
hinged along the z-axis, and cones whose vertices lie at the origin and whose axes lie 
along the z-axis. Surfaces like these have equations of constant coordinate value: 


p=4 Sphere, radius 4, center at origin 
b= T Cone opening up from the origin, making an 
3 angle of 7/3 radians with the positive z-axis 
9= T Half-plane, hinged along the z-axis, making an 
3° angle of 7/3 radians with the positive x-axis 


When computing triple integrals over a region D in spherical coordinates, we partition 
the region into n spherical wedges. The size of the kth spherical wedge, which contains a 
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0 + A@ 


x 


FIGURE 15.52 In spherical coordinates 
we use the volume of a spherical wedge, 
which closely approximates that of a cube. 


Volume Differential in Spherical 
Coordinates 


dV = p’ sin ¢ dp do do 


point (p,, d;, 0), is given by the changes Ap;,, Ad,, and AQ, in p,, and @. Such a 
spherical wedge has one edge a circular arc of length p, Ad;, another edge a circular arc 
of length p, sin d, AO, and thickness Ap,;. The spherical wedge closely approximates a 
cube of these dimensions when Ap;, Ad;, and A@, are all small (Figure 15.52). It can be 
shown that the volume of this spherical wedge AV; is AV, = p,” sin bd; Ap, Ad; AO, for 
(px, Px, 9), a point chosen inside the wedge. 

The corresponding Riemann sum for a function f(p, ¢, 0) is 


Sn = > F(Pxs Pes A) Pr sin b, Ap, Adj AO. 
k=1 


As the norm of a partition approaches zero, and the spherical wedges get smaller, the 
Riemann sums have a limit when f is continuous: 


lim S,, = |) f(p, $, 8) dV = |i f(p, b, 0) p” sin dp dd do. 
D D 


To evaluate integrals in spherical coordinates, we usually integrate first with respect 
to p. The procedure for finding the limits of integration is as follows. We restrict our atten- 
tion to integrating over domains that are solids of revolution about the z-axis (or portions 
thereof) and for which the limits for 6 and ¢ are constant. As with cylindrical coordinates, 
we restrict 0 inthe forma = 6 = BandO = B-a S 27. 


How to Integrate in Spherical Coordinates 


|i f(p, $, #) dV 
D 


over a region D in space in spherical coordinates, integrating first with respect to p, then 
with respect to @, and finally with respect to 0, take the following steps. 


To evaluate 


1. Sketch. Sketch the region D along with its projection R on the xy-plane. Label the sur- 
faces that bound D. 


P = 85(¢, 8) 


M 
Sphere p = 1 


a >= 


FIGURE 15.53 The ice cream cone in 
Example 5. 
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2. Find the p-limits of integration. Draw a ray M from the origin through D, making an 
angle # with the positive z-axis. Also draw the projection of M on the xy-plane (call 
the projection L). The ray L makes an angle @ with the positive x-axis. As p increases, 
M enters D at p = g,(, 8) and leaves at p = go(d, 0). These are the p-limits of 
integration shown in the above figure. 


3. Find the o-limits of integration. For any given 0, the angle ¢@ that M makes with the 
z-axis runs from @ = dyin tO 6 = Pmax- These are the d-limits of integration. 


4. Find the 6-limits of integration. The ray L sweeps over R as @ runs from @ to B. These 
are the 6-limits of integration. The integral is 


9=B pb=Pimax pP=82, 9) 
|i f(p, b, 8) dV = / i f(p, &, 9) p” sin b dp dd do. 
0=a 
D 


b=dmin Y P=8i(h, 9) 


EXAMPLE 5 Find the volume of the “ice cream cone” D cut from the solid sphere 
p = 1 bythe cone $ = 7/3. 


Solution The volume is V= ///,p? sin ¢ dp dd dé, the integral of f(p, 4, 0) = 1 
over D. 

To find the limits of integration for evaluating the integral, we begin by sketching D 
and its projection R on the xy-plane (Figure 15.53). 

The p-limits of integration. We draw a ray M from the origin through D, making an 
angle ¢@ with the positive z-axis. We also draw L, the projection of M on the xy-plane, 
along with the angle @ that L makes with the positive x-axis. Ray M enters D at p = 0 and 
leaves at p = 1. 

The ¢-limits of integration. The cone @ = 7/3 makes an angle of 7/3 with the 
positive z-axis. For any given 0, the angle ¢ can run from ¢ = 0 to d = 77/3. 

The 6-limits of integration. The ray L sweeps over R as @ runs from 0 to 277. The 
volume is 


27 pr/3 pl 
v= fff sine doasao = | ; |e sind dp da 
0 0 0 
D 


Qar pwr/3 1 Qa mS 
-f i, By sin bd ao = | / 3 sin b dp do 
0 Jo 0 0 Jo 
Try a ote Al A 1 7 
-| [-$eos 0 w= [ ( b+) d= Lem = 3 |_| 


EXAMPLE 6 A solid of constant density 6 = 1 occupies the region D in Example 5. 
Find the solid’s moment of inertia about the z-axis. 


Solution In rectangular coordinates, the moment is 


L= |e + y?) dV. 


In spherical coordinates, x7 + y* = (p sind cos 6)? + (p sind sin 6)? = p*sin* d. 


Hence, 
L= [fies p’ sin b dp db do = [osm dp dd dé. 
D D 
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For the region D in Example 5, this becomes 


2a po/3 pl 2a pr/3 p|! 
L= i / ‘| p' sin’ @ dp dd do = / / 4 sin’ h dd dO 
o Jo 0 0 Jo 0 


2a par/3 Qa 3 a/3 
1 oe 1 cos’ b 
= i; / (1 — cos?) sin bd db dé = i [cos + | do 
de a 3 


(0) 


2 2a 
ail 1 i. 4 i ae 1 v 
-5/ (-}+1+d 5) a= 3/ 2408 = 54 2m) = F5- = 


x =rcos@ 
y=rsind 


L=f 


CYLINDRICAL TO 
RECTANGULAR 


Coordinate Conversion Formulas 


SPHERICAL TO SPHERICAL TO 


RECTANGULAR CYLINDRICAL 
x = psin¢ cos 0 r=psind 
y = psing sind z= pcos¢d 
Z=pcosd 0=0 


Corresponding formulas for dV in triple integrals: 


dV = dx dy dz 
= dzrdrdé 
= p* sin db dp dd do 


In the next section we offer a more general procedure for determining dV in cylindri- 
cal and spherical coordinates. The results, of course, will be the same. 


Exercises 


Evaluating Integrals in Cylindrical Coordinates 
Evaluate the cylindrical coordinate integrals in Exercises 1-6. 


Qn pl pV2-P Ir 3 pVIB—-P 
1. | I] dz r dr d0 2. i ‘ai dz r dr d0 
0 Ovr 0 07 P/3 
20 pO/2a p34+24P a p/m p3V4—P 
3: | | ‘| dzrdrdo 4. if i] zdzrdr dé 
0 Jo 0 0 JO -V4-P 
Qa pl pl/V2-P 
5. | i | 3 dzrdr do 
0 OJr 
Qe pl pl/2 
6. | | / (7? sin? 6 + 22) dzr dr do 
0 Jo J-1/2 


Changing the Order of Integration in Cylindrical Coordinates 

The integrals we have seen so far suggest that there are preferred 
orders of integration for cylindrical coordinates, but other orders usu- 
ally work well and are occasionally easier to evaluate. Evaluate the 
integrals in Exercises 7-10. 


2a p38 2/3 1 p2m pl+cosé 
Ti | | | r dr dz dO 8. / | | 4r dr d6 dz 
10) 0/70 -1J0 0 


1 pVz p20 
9. i | 7 (7? cos? @ + z*)r dO dr dz 
oto Jo 


2 pV4—P pda 
10. I] (r sin @ + 1)rd@ dzdr 
0 Jr-2 0 


11. Let D be the region bounded below by the plane z = 0, above by 
the sphere x? + y? + z* = 4, and on the sides by the cylinder 
x? + y? = 1, Set up the triple integrals in cylindrical coordinates 
that give the volume of D using the following orders of integration. 
a. dz dr do b. dr dz dé ec. dé dz dr 


12. Let D be the region bounded below by the cone z = Vx? + y* 
and above by the paraboloid z = 2 — x* — y*. Set up the triple 
integrals in cylindrical coordinates that give the volume of D 
using the following orders of integration. 


a. dzdr dé b. dr dz do ce. dé dz dr 


Finding Iterated Integrals in Cylindrical Coordinates 
13. Give the limits of integration for evaluating the integral 


|i f(r, 8, z) dzr dr dé 
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as an iterated integral over the region that is bounded below by 
the plane z = 0, on the side by the cylinder r = cos 0, and on top 
by the paraboloid z = 3r?. 


14. Convert the integral 


1 V1i-y? px 
Ff i, | (x? + y?) dz dx dy 
-1/0 0 


to an equivalent integral in cylindrical coordinates and evaluate 
- r=cos0 
the result. ‘ 
r=2cos0 


In Exercises 15-20, set up the iterated integral for evaluating 
Sf pI, 9, z) dz r dr d@ over the given region D. 


15. Dis the right circular cylinder whose base is the circle r = 2 sin 0 
in the xy-plane and whose top lies in the plane z = 4 — y. 


19. D is the prism whose base is the triangle in the xy-plane bounded 
by the x-axis and the lines y = x and x = 1 and whose top lies in 
the plane z = 2 — y. 


x \ =2sin6 
x 
16. Dis the right circular cylinder whose base is the circle r = 3 cos 6 20. D is the prism whose base is the triangle in the xy-plane bounded 
and whose top lies in the plane z = 5 — x. by the y-axis and the lines y = x and y = 1 and whose top lies in 


the plane z = 2 — x. 


17. D is the solid right cylinder whose base is the region in the xy- 
plane that lies inside the cardioid r = 1 + cos @ and outside the 
circle r = | and whose top lies in the plane z = 4. 


Evaluating Integrals in Spherical Coordinates 
Evaluate the spherical coordinate integrals in Exercises 21-26. 


aT pw p2singd 
21. | | | p2 sin dp dd dd 
0 40 40 


2a pr/4 p2 
22. / | (p cos #) p* sin b dp db dd 
0 Jo Jo 


2a pm p(1—cosd)/2 
23. | ri | p? sin dp do d0 
0 0 0 


30/2 pow pl 
r=1+cosé 24, 7 ‘ | 5p’ sin’ b dp db dé 
0 0 Jo 


18. D is the solid right cylinder whose base is the region between the 


2 3 2 
circles r = cos 6 and r = 2 cos 6 and whose top lies in the plane 25 | [ / 3p? sin dp db d6 
Z=3 > y- 0 0 sec 
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2a p/4 psech 
26. | i | (p cos #) p* sin ¢ dp df dé 
10) 0 0 


Changing the Order of Integration in Spherical Coordinates 

The previous integrals suggest there are preferred orders of integra- 
tion for spherical coordinates, but other orders give the same value 
and are occasionally easier to evaluate. Evaluate the integrals in Exer- 
cises 27-30. 


2 pO px/2 
27. | / iy p° sin 2 dd dé dp 
0 J -ad 7/4 


7/3 p2esch p2r 
28 | p? sin 6 d0 do dd 


7/6 J cscb 0 


1 po pa/4 
29. / | J 12psin* h do dO dp 
o Jo Jo 


m/2 pori2 p2 
30 / / 5p‘ sin dp dd db 
_ csc 


7/6 a/2 


31. Let D be the region in Exercise 11. Set up the triple integrals in 
spherical coordinates that give the volume of D using the follow- 
ing orders of integration. 

a. dp df do b. dd dp d0 

32. Let D be the region bounded below by the cone z = Vx? + y? 

and above by the plane z = 1. Set up the triple integrals in spher- 


ical coordinates that give the volume of D using the following 
orders of integration. 


a. dp db do b. dd dp do 


Finding Iterated Integrals in Spherical Coordinates 

In Exercises 33-38, (a) find the spherical coordinate limits for the 
integral that calculates the volume of the given solid and then 
(b) evaluate the integral. 


33. The solid between the sphere p = cos@ and the hemisphere 
p=2,z20 


34. The solid bounded below by the hemisphere p = 1, z = 0, and 
above by the cardioid of revolution p = 1 + cos 


35. The solid enclosed by the cardioid of revolution p = 1 — cos 
36. The upper portion cut from the solid in Exercise 35 by the xy-plane 


37. The solid bounded below by the sphere p = 2 cos ¢ and above 


by the cone z = Vx? + y? 


38. The solid bounded below by the xy-plane, on the sides by the 
sphere p = 2, and above by the cone @ = 77/3 


Finding Triple Integrals 
39. Set up triple integrals for the volume of the sphere p = 2 in 
(a) spherical, (b) cylindrical, and (c) rectangular coordinates. 


40. Let D be the region in the first octant that is bounded below by 
the cone @ = 7/4 and above by the sphere p = 3. Express the 
volume of D as an iterated triple integral in (a) cylindrical and 
(b) spherical coordinates. Then (c) find V. 


41. Let D be the smaller cap cut from a solid ball of radius 2 units by 
a plane | unit from the center of the sphere. Express the volume 
of D as an iterated triple integral in (a) spherical, (b) cylindrical, 
and (c) rectangular coordinates. Then (d) find the volume by 
evaluating one of the three triple integrals. 


42. Express the moment of inertia 7, of the solid hemisphere 
x? + y? + 2 < 1,z = 0, as an iterated integral in (a) cylindri- 
cal and (b) spherical coordinates. Then (c) find J/,. 


Volumes 
Find the volumes of the solids in Exercises 43-48. 
43. 44, 


2=4-4(07 + y’) 


45. 


47. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


61. 


62. 


48. z 


r=sin@ r=cos@ 


Sphere and cones Find the volume of the portion of the solid 
sphere p <a that lies between the cones 6 = 7/3 and 
b = 27/3. 

Sphere and half-planes Find the volume of the region cut from 
the solid sphere p = a by the half-planes 9 = 0 and 6 = 7/6 in 
the first octant. 


Sphere and plane Find the volume of the smaller region cut 
from the solid sphere p = 2 by the plane z = 1. 


Cone and planes _ Find the volume of the solid enclosed by the 
cone z = Vx? + y? between the planes z = | and z = 2. 


Cylinder and paraboloid Find the volume of the region 
bounded below by the plane z = 0, laterally by the cylinder 
x? + y? = 1, and above by the paraboloid z = x? + y?. 
Cylinder and paraboloids Find the volume of the region 
bounded below by the paraboloid z = x” + y’, laterally by the 
cylinder x7 + y?= 1, and above by the paraboloid z= 
ae yee 

Cylinder and cones Find the volume of the solid cut from the 
thick-walled cylinder 1 =< x* + y?=2 by the cones z= 
tVx? + y?. 

Sphere and cylinder Find the volume of the region that lies 
inside the sphere x* + y? + 2? = 2 and outside the cylinder 
P+y=i, 

Cylinder and planes Find the volume of the region enclosed 
by the cylinder x7 + y? = 4 and the planes z = Oandy + z = 4. 


Cylinder and planes Find the volume of the region enclosed 
by the cylinder x7 + y?=4 and the planes z=0 and 
xtyt+z=4. 

Region trapped by paraboloids Find the volume of the region 
bounded above by the paraboloid z = 5 — x? — y” and below by 
the paraboloid z = 4x? + 4y’. 

Paraboloid and cylinder Find the volume of the region 
bounded above by the paraboloid z = 9 — x? — y*, below by the 
xy-plane, and lying outside the cylinder x* + y? = 1. 

Cylinder and sphere Find the volume of the region cut from 
the solid cylinder x7 + y? S 1 by the sphere x? + y2 + 2? = 4. 
Sphere and paraboloid Find the volume of the region bounded 
above by the sphere x? + y* + z* = 2 and below by the parabo- 
loid z= x? + y’. 


Average Values 


63. 


64. 


Find the average value of the function f(r, 0, z) = r over the 
region bounded by the cylinder r = 1 between the planes z = —1 
and z = l. 

Find the average value of the function f(r, 0, z) = r over the 


solid ball bounded by the sphere r? + z* = 1. (This is the sphere 
P+y+2=1) 
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65. 


66. 
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Find the average value of the function f(p, 6, 0) = p over the 
solid ball p = 1. 


Find the average value of the function f(p, 6, 0) = pcos @ over 
the solid upper ball p = 1,0 = ¢ S 7/2. 


Masses, Moments, and Centroids 


67. 


68. 


69. 
70. 


71. 


72. 


73. 


74. 


75. 


76. 


77. 


78. 


79. 


80. 


81. 


Center of mass_ A solid of constant density is bounded below 
by the plane z = 0, above by the cone z = r,r = 0, and on the 
sides by the cylinder r = 1. Find the center of mass. 


Centroid Find the centroid of the region in the first octant that is 
bounded above by the cone z = Vx? + y’, below by the plane 
z = 0, and on the sides by the cylinder x” + y* = 4 and the planes 
x = Oandy = 0. 

Centroid Find the centroid of the solid in Exercise 38. 


Centroid Find the centroid of the solid bounded above by the 
sphere p = a and below by the cone @ = 7/4. 


Centroid Find the centroid of the region that is bounded above 
by the surface z = Vr, on the sides by the cylinder r = 4, and 
below by the xy-plane. 


Centroid Find the centroid of the region cut from the solid ball 
r> + 2 < | by the half-planes 9 = —7/3,r = 0, and 6 = 7/3, 
r.=-0; 


Moment of inertia of solid cone Find the moment of inertia of 
a right circular cone of base radius 1 and height 1 about an axis 
through the vertex parallel to the base. (Take 6 = 1.) 


Moment of inertia of solid sphere Find the moment of inertia 
of a solid sphere of radius a about a diameter. (Take 6 = 1.) 


Moment of inertia of solid cone Find the moment of inertia of 
a right circular cone of base radius a and height h about its axis. 
(Hint: Place the cone with its vertex at the origin and its axis 
along the z-axis.) 


Variable density A solid is bounded on the top by the parabo- 
loid z = r’, on the bottom by the plane z = 0, and on the sides 
by the cylinder r = 1. Find the center of mass and the moment of 
inertia about the z-axis if the density is 


a. O(r, 0, Zz) =z b. (7, 6, z) = r. 
Variable density A solid is bounded below by the cone 


z= Vx? + y? and above by the plane z = 1. Find the center of 
mass and the moment of inertia about the z-axis if the density is 


a. O(r, 0, z) = z b. 6(r, 0, z) = 2. 


Variable density A solid ball is bounded by the sphere p = a. 
Find the moment of inertia about the z-axis if the density is 

a. 5(p, b, 0) = p” b. 5(p, 6, 0) = r = psing. 
Centroid of solid semiellipsoid Show that the centroid of the 
solid semiellipsoid of revolution (r?7/a?) + (<?/h?) = 1,z = 0, 
lies on the z-axis three-eighths of the way from the base to the 
top. The special case h = a gives a solid hemisphere. Thus, the 
centroid of a solid hemisphere lies on the axis of symmetry three- 
eighths of the way from the base to the top. 


Centroid of solid cone Show that the centroid of a solid right 
circular cone is one-fourth of the way from the base to the vertex. 
(in general, the centroid of a solid cone or pyramid is one-fourth 
of the way from the centroid of the base to the vertex.) 


Density of center of a planet A planet is in the shape of a sphere 
of radius R and total mass M with spherically symmetric density 
distribution that increases linearly as one approaches its center. 
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What is the density at the center of this planet if the density at its 
edge (surface) is taken to be zero? 


82. Mass of planet’s atmosphere A spherical planet of radius R has 
an atmosphere whose density is w = poe", where h is the alti- 


84. 


b. Show that planes perpendicular to the y-axis have equations 
of the form r = bcsc 0. 


(Continuation of Exercise 83.) Find an equation of the form 
r = f(@) in cylindrical coordinates for the plane ax + by = c, 


c #0. 


. Symmetry What symmetry will you find in a surface that has 
an equation of the form r = f(z) in cylindrical coordinates? Give 
reasons for your answer. 


tude above the surface of the planet, fo is the density at sea level, 
and c is a positive constant. Find the mass of the planet’s atmo- 85 
sphere. 


Theory and Examples 


83. Vertical planes in cylindrical coordinates 86. Symmetry What symmetry will you find in a surface that has 


an equation of the form p = f(¢#) in spherical coordinates? Give 


a. Show that planes perpendicular to the x-axis have equations reasons for your answer. 


of the form r = asec 6 in cylindrical coordinates. 


15.8 Substitutions in Multiple Integrals 


This section introduces the ideas involved in coordinate transformations to evaluate mul- 
tiple integrals by substitution. The method replaces complicated integrals by ones that are 
easier to evaluate. Substitutions accomplish this by simplifying the integrand, the limits of 
integration, or both. A thorough discussion of multivariable transformations and substitu- 
tions is best left to a more advanced course, but our introduction here shows how the sub- 
stitutions just studied reflect the general idea derived for single integral calculus. 


>e 


; > Substitutions in Double Integrals 


The polar coordinate substitution of Section 15.4 is a special case of a more general sub- 
stitution method for double integrals, a method that pictures changes in variables as trans- 
formations of regions. 

Suppose that a region G in the wv-plane is transformed into the region R in the xy-plane 
by equations of the form 


Cartesian uv-plane 


xX = g(u, v) 
y = hu, v) 


x = gu, v), y = htu, v), 


as suggested in Figure 15.54. We assume the transformation is one-to-one on the interior of G. 
We call R the image of G under the transformation, and G the preimage of R. Any function 
f(x, y) defined on R can be thought of as a function f(g(u, v), h(u, v)) defined on G as well. 
How is the integral of f(x, y) over R related to the integral of f(g(u, v), h(u, v)) over G? 

To gain some insight into the question, let’s look again at the single variable case. To 
be consistent with how we are using them now, we interchange the variables x and u used in 
the substitution method for single integrals in Chapter 5, so the equation is stated here as 


Cartesian xy-plane 


FIGURE 15.54 The equations 

x = g(u, v) and y = h(u, v) allow us to g(b) b 

change an integral over a region R in the fQ@dx = / f(g(u)) g’(u) du. x = g(u), dx = g'(u)du 
a 


xy-plane into an integral over a region G g(a) 


in th -plane. 
Pe ee To propose an analogue for substitution in a double integral i, pi (x, y) dx dy, we need a 


derivative factor like g’(u) as a multiplier that transforms the area element du dv in the 
region G to its corresponding area element dx dy in the region R. Let’s denote this factor 
by J. In continuing with our analogy, it is reasonable to assume that J is a function of both 
variables u and v, just as g’ is a function of the single variable wu. Moreover, J should reg- 
ister instantaneous change, so partial derivatives are going to be involved in its expression. 
Since four partial derivatives are associated with the transforming equations x = g(u, v) 
and y = hA(u, v), it is also reasonable to assume that the factor J(u, v) we seek includes 
them all. These features are captured in the following definition constructed from the par- 
tial derivatives, and named after the German mathematician Carl Jacobi. 


HISTORICAL BIOGRAPHY 
Carl Gustav Jacob Jacobi 


(1804-1851) 


Differential Area Change Substituting 
x = g(u,v),y = h(u, v) 


_ 9G, y) 
dx d Fe uy du du 

6 

A 
TE. 
2 

G 
>I 

0 1 


Cartesian r6-plane 


x=rcosé 
y=rsin0 


Cartesian xy-plane 


FIGURE 15.55 The equations x = 

rcos 0, y = rsin @ transform G into R. The 
Jacobian factor r, calculated in Example 1, 
scales the differential rectangle drd@ in G 
to match with the differential area element 
dx dyin R. 
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DEFINITION The Jacobian determinant or Jacobian of the coordinate trans- 
formation x = g(u, v), y = hA(u, v) is 


ax Ox 

_ iu 0] _ axay aya ; 

Ju, v) = dy ay ~ dudv dudv’ (1) 
ou ov 


The Jacobian can also be denoted by 


0 ? 
ray = 2 


to help us remember how the determinant in Equation (1) is constructed from the partial 
derivatives of x and y. The array of partial derivatives in Equation (1) behaves just like the 
derivative g’ in the single variable situation. The Jacobian measures how much the trans- 
formation is expanding or contracting the area around the point (u, v). Effectively, the 
factor |J| converts the area of the differential rectangle du dv in G to match with its cor- 
responding differential area dx dy in R. We note that, in general, the value of the scaling 
factor |J| depends on the point (u,v) in G. Our examples to follow will show how it 
scales the differential area du dv for specific transformations. 

With the definition of the Jacobian determinant, we can now answer our original 
question concerning the relationship of the integral of f(x, y) over the region R to the inte- 
gral of f(g(u, v), h(u, v)) over G. 


THEOREM 3—Substitution for Double Integrals Suppose that f(x, y) is con- 
tinuous over the region R. Let G be the preimage of R under the transformation 
x = g(u, v), y = A(u, v), assumed to be one-to-one on the interior of G. If the 
functions g and h have continuous first partial derivatives within the interior of 
G, then 


_ a(x, y) 
f(x, y) dx dy = f(g(u, v), h(u, v)) Oa du dv. (2) 


R G 


The derivation of Equation (2) is intricate and properly belongs to a course in advanced 
calculus, so we do not derive it here. We now present examples illustrating the substitution 
method defined by the equation. 


EXAMPLE 1 Find the Jacobian for the polar coordinate transformation x = rcos 6, 
y = rsin @, and use Equation (2) to write the Cartesian integral Sf, rt y) dx dy as a polar 
integral. 


Solution Figure 15.55 shows how the equations x = rcos 6, y = r sin 6 transform the 
rectangle G:0 = r < 1,0 = 6 S 7/2, into the quarter circle R bounded by x? + y? = 1 
in the first quadrant of the xy-plane. 
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For polar coordinates, we have r and @ in place of u and v. With x = rcos @ and 
y = rsin 8, the Jacobian is 


ax ax 
or 00 cos@ —rsin@ 
= = = 26 + sin2 = 
J(r, 8) ay ay ane er r(cos“@ + sin*@) = r. 
or 06 


Since we assume r = 0 when integrating in polar coordinates, | J(r, 0)| = |r| =r, so 


that Equation (2) gives 


| f@, y) dx dy = | f(r cos 0, r sin 0) r dr dé. (3) 
R G 


This is the same formula we derived independently using a geometric argument for polar 
area in Section 15.4. 

Notice that the integral on the right-hand side of Equation (3) is not the integral of 
f(r cos 6, r sin @) over a region in the polar coordinate plane. It is the integral of the prod- 
uct of f(r cos 6, r sin @) and r over a region G in the Cartesian r@-plane. a 


Here is an example of a substitution in which the image of a rectangle under the coor- 
dinate transformation is a trapezoid. Transformations like this one are called linear trans- 
formations and their Jacobians are constant throughout G. 


ee x - y 
0 Jx=y/2 2 


by applying the transformation 


EXAMPLE 2 


Evaluate 


dx dy 


2x — y _y 
u 7 v=5 (4) 


and integrating over an appropriate region in the uv-plane. 


Solution We sketch the region R of integration in the xy-plane and identify its boundar- 
ies (Figure 15.56). 


0 1 
ee 


FIGURE 15.56 The equations x = u + v and y = 2v transform G 
into R. Reversing the transformation by the equations u = (2x — y)/2 
and v = y/2 transforms R into G (Example 2). 


To apply Equation (2), we need to find the corresponding uv-region G and the Jaco- 
bian of the transformation. To find them, we first solve Equations (4) for x and y in terms 
of u and v. From those equations it is easy to find algebraically that 
y = 2v. (5) 


x=urto, 


>X 


FIGURE 15.57 The equations x = 
(u/3) — (v/3) and y = (2u/3) + (v/3) 
transform G into R. Reversing the trans- 
formation by the equations u = x + y 
and v = y — 2x transforms R into G 
(Example 3). 
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We then find the boundaries of G by substituting these expressions into the equations for 
the boundaries of R (Figure 15.56). 


xy-equations for Corresponding uwv-equations Simplified 
the boundary of R for the boundary of G uv-equations 
x= y/2 u+v=2v/2=v u=0 
x = (y/2) + 1 u+v=(2v/2)+1=v+1 u=1 
y=0 2v = 0 v=0 
y=4 2Qv=4 v=2 


From Equations (5) the Jacobian of the transformation is 


Ox Ox 0 0 
au av ay + v) ay WU F v) 1 

J(u, v) = ay ay = a Buses = > = 2. 
ou du Ou v ov i 


We now have everything we need to apply Equation (2): 


4 px=(y/2)+1 Dir y v=2 pu=l 
5 dx dy = u | J(u, v) | du du 
0 Jx=y/2 v=0 Ju=0 
2 yal 2 i 2 
-f [oe dua = [ G w= | dv=2. 
0 0 0 0 0 


EXAMPLE 3 Evaluate 


1 1-x 
/ / Vx + y(y — 2x) dy dx. 
0 Jo 


Solution We sketch the region R of integration in the xy-plane and identify its boundar- 
ies (Figure 15.57). The integrand suggests the transformation vu = x + yandv = y — 2x. 
Routine algebra produces x and y as functions of u and v: 


ee ea (6) 


From Equations (6), we can find the boundaries of the wuv-region G (Figure 15.57). 


xy-equations for Corresponding uwv-equations Simplified 
the boundary of R for the boundary of G uv-equations 
xty=1 BU) (eae | ey w= 1 
= 3 3 a3 
= u_ov_ = 
x=0 3 3 0 v=u 
_ 2u vu _ aw 
y=0 3 + 3 0) v 2u 
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>X 


I 
I 
| 
I 
| 

0 1 


FIGURE 15.58 = The region of 
integration R in Example 4. 


uv=2e4y=2 
Va 


0 1 


FIGURE 15.59 The boundaries of the 
region G correspond to those of region R 
in Figure 15.58. Notice as we move 
counterclockwise around the region R, 
we also move counterclockwise around 
the region G. The inverse transformation 
equations u = Vay, v = Vy/x produce 


the region G from the region R. 


The Jacobian of the transformation in Equations (6) is 


Ox Ox 1 1 

ou ov 3 3 l 
J(u, v) = ae By = : i =a 

ou dv 3 3 


Applying Equation (2), we evaluate the integral: 


u=1 pv=u 
; i. Vx + y(y — 2x) dy dx = i / ui/2y? |J(u, v)| du du 
u=0 =—2u 
1 Uv=u 
1/242 _i 1/2| 403 
-f [i (3 5) eal Lf E eC a 


1 2 Fr. -9 
= 1/2 3 = 7/2 — £,9/2| = 
=h fu (we +8) au= fu du oH | -3 | 


In the next example we illustrate a nonlinear transformation of coordinates resulting from 
simplifying the form of the integrand. Like the polar coordinates’ transformation, nonlinear 
transformations can map a straight-line boundary of a region into a curved boundary (or vice 
versa with the inverse transformation). In general, nonlinear transformations are more com- 
plex to analyze than linear ones, and a complete treatment is left to a more advanced course. 


EXAMPLE 4 


Evaluate the integral 


2 y 
. y ; 
I] [pe P aay 
1 J I/y 


Solution The square root terms in the integrand suggest that we might simplify the inte- 
gration by substituting u = Vay and v = Vy/x. Squaring these equations, we readily 
have uw? = xy and v? = y/x, which imply that vv? = y* and w/v? = x?. So we obtain 
the transformation (in the same ordering of the variables as discussed before) 


u 
Ls; and y = wv, 


with u > O and v > 0. Let’s first see what happens to the integrand itself under this 
transformation. The Jacobian of the transformation is not constant and we find 


a l = 
du ov = 
J(u, v) = =|! yt = oe 
yy ly 
ou dv 


If G is the region of integration in the wv-plane, then by Equation (2) the transformed 
double integral under the substitution is 


| feePacdy = ff ver%t dude = ff) 2uer aude 
R G G 


The transformed integrand function is easier to integrate than the original one, so we pro- 
ceed to determine the limits of integration for the transformed integral. 

The region of integration R of the original integral in the xy-plane is shown in Figure 
15.58. From the substitution equations u = Vay and y = Vy/x, we see that the image of 
the left-hand boundary xy = 1 for R is the vertical line segment u = 1,2 2=v21,inG 
(see Figure 15.59). Likewise, the right-hand boundary y = x of R maps to the horizontal 
line segment v = 1,1 = u S 2, inG. Finally, the horizontal top boundary y = 2 of R 
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maps to uv = 2,1 = v S 2, inG. As we move counterclockwise around the boundary of 
the region R, we also move counterclockwise around the boundary of G, as shown in Fig- 
ure 15.59. Knowing the region of integration G in the uv-plane, we can now write equiva- 
lent iterated integrals: 


2 py y 2 p2/u 
/ | or eV dx dy = i | 2ue" dv du. Note the order of integration. 
1 J ify Ji 


We now evaluate the transformed integral on the right-hand side, 


2 p2/u 2 v=2/u 
/ i 2ue" dv du = 2 f ne’ du 
1 1 1 v=l1 


2 
= a (2e" — ue") du 
1 


2 
= 2 f (2 — uje" du 
1 


u=2 
= ale — uje’ + e'| Integrate by parts. 


u=1 


= 2(e* — (e + e)) = 2e(e — 2). | 


Substitutions in Triple Integrals 


The cylindrical and spherical coordinate substitutions in Section 15.7 are special cases of a 
substitution method that pictures changes of variables in triple integrals as transformations 
of three-dimensional regions. The method is like the method for double integrals given by 
Equation (2) except that now we work in three dimensions instead of two. 

Suppose that a region G in uwuw-space is transformed one-to-one into the region D in 
xyz-space by differentiable equations of the form 


xX = gu, v, W), y = Alu, v, w), z = ku, v, w), 


as suggested in Figure 15.60. Then any function F(x, y, z) defined on D can be thought of 
as a function 


F(g(u, v, w), h(u, v, w), k(u, v, w)) = Hu, v, w) 


defined on G. If g, h, and k have continuous first partial derivatives, then the integral of 
F(x, y, z) over D is related to the integral of H(u, v, w) over G by the equation 


|e y, z) dx dy dz = |e: Vv, w)|J(u, Vv, w)| du du dw. (7) 
D G 


w Zz 
xX = g(u, v, w) 
4 y = hu, v, w) 
oo 


| z = k(u, v, w) 


u Cartesian uwuw-space x Cartesian xyz-space 


FIGURE 15.60 The equations x = g(u, v, w), y = h(u, v, w), and z = k(u, v, w) 
allow us to change an integral over a region D in Cartesian xyz-space into an integral 
over a region G in Cartesian wuw-space using Equation (7). 


940 Chapter 15: Multiple Integrals 


Cube with sides The factor J(u, v, w), whose absolute value appears in this equation, is the Jacobian 


parallel to the determinant 
coordinate axes 


z 


ax ax ax 
du dv dw 


dy dy ody A(X, y, Z) 


Ju, v, w) = du dv dw O(u, v, Ww)" 
Oz OZ 
du dv dow 


r Cartesian rz-space 


This determinant measures how much the volume near a point in G is being expanded or 
contracted by the transformation from (u, v, w) to (x, y, z) coordinates. As in the two- 


= rcosé : ; cere : : : : : 
y= yp sind dimensional case, the derivation of the change-of-variable formula in Equation (7) is omitted. 


For cylindrical coordinates, r, 0, and z take the place of u, v, and w. The transforma- 
tion from Cartesian r@z-space to Cartesian xyz-space is given by the equations 


= constant xX = rcos 0, = r sin 0, LS 


(Figure 15.61). The Jacobian of the transformation is 


D 
ax ax ax 
r = constant or 00 a ; 
cage oe ay ay ay cose —rsind 0 
J(r, 6, Z) = |sin@ rcos@ 0O 
x Cartesian xyz-space or 00 & 0 0 1 
FIGURE 15.61 The equations oz Oz A 
x =rcos0,y = rsin@, and z = z or 00 & 
transform the cube G into a cylindrical = pepe esiee =a 


wedge D. 
The corresponding version of Equation (7) is 


| F(a, y, Z) dx dy dz = vi H(r, 0, z)|r| dr dO dz. 
D G 


We can drop the absolute value signs because r = 0. 
For spherical coordinates, p, ¢, and 6 take the place of u, v, and w. The transforma- 
tion from Cartesian pd6-space to Cartesian xyz-space is given by 


x = psin ¢ cos 0, y = psing sind, Z=pcosd 


(Figure 15.62). The Jacobian of the transformation (see Exercise 23) is 


ax ax ax 

op odd 00 

dy dy oy : 
J(p, d, 9) jp ab 30| ~ p’ sin ¢. 

oz oO 9% 

op db 00 


The corresponding version of Equation (7) is 


|e y, 2) dx dy dz = |v ¢, 9) |p? sin b | dp do dé. 
D G 


Front plane: 


x= ae l,ory = 2x —2 
2 

FIGURE 15.63 The equations 
x=u+ov,y = 2v, and z = 3w 
transform G into D. Reversing the 
transformation by the equations 

u = (2x — y)/2,v = y/2, and w = z/3 
transforms D into G (Example 5). 
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Cube with sides ne - p = constant 
parallel to the = constani 
@ coordinate axes 


~~ 
ys , x = psin ¢ cos 0 
. = y=psind sind 


z= pcosd ¢ = constant 


p Cartesian pi6-space x Cartesian xyz-space 


FIGURE 15.62 The equations x = p sin ¢ cos 0, y = psin¢ sin @, and 
z = pcos ¢ transform the cube G into the spherical wedge D. 


We can drop the absolute value signs because sind is never negative for 0 = @ = a. 
Note that this is the same result we obtained in Section 15.7. 

Here is an example of another substitution. Although we could evaluate the integral in 
this example directly, we have chosen it to illustrate the substitution method in a simple 
(and fairly intuitive) setting. 


EXAMPLE 5 Evaluate 


394 ROD 795 ay» 
[[f Fetieve 
0 J0 J x=y/2 


by applying the transformation 


u = (2x — y)/2, v=y/2, w = 2/3 (8) 
and integrating over an appropriate region in wuw-space. 


Solution We sketch the region D of integration in xyz-space and identify its boundaries 
(Figure 15.63). In this case, the bounding surfaces are planes. 

To apply Equation (7), we need to find the corresponding uvw-region G and the Jaco- 
bian of the transformation. To find them, we first solve Equations (8) for x, y, and z in 
terms of u, v, and w. Routine algebra gives 


x=uty, y = 2v, z= 3w. (9) 


We then find the boundaries of G by substituting these expressions into the equations for 
the boundaries of D: 


xyz-equations for Corresponding uvw-equations Simplified 
the boundary of D for the boundary of G uvw-equations 
x= y/2 u+v=2v/2=v u=0 

x = (y/2) +1 u+v=(2v/2)+1=v+1 u=1 
y=0 2v = 0 v=0 
y=4 2v=4 v=2 
z=0 3w = 0 w=0 
z=3 3w = 3 w= 1 
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The Jacobian of the transformation, again from Equations (9), is 


dx ax ax 
du dv. dw 
1 1 0O 
dy dy oy 
J(u, v, Ww) = a de ae 0 2 O| =6 
0 0 3 
Oz OZ OZ 
du dv dw 


We now have everything we need to apply Equation (7): 


x=(y/2)+1 
[Ef y/2 


Dg 2) peda 
a + 5) dr dy de 


1 2, 1 
= ff fw wy la. | deo 

0/70 0 

1 2 1 1 2 d I 
=[ f [ute dadvay = of f [SF + ww] dv dw 
=f [3 + w)avav= of [3 + iw = 6f + 20a 


= 6[w+v2] =60)= 12 a 
0 


Exercises 


Jacobians and Transformed Regions in the Plane 


1. a 


Solve the system 


u=x-y, v=2x+y 


for x and y in terms of u and v. Then find the value of the 
Jacobian A(x, y)/d(u, v). 


. Find the image under the transformation u = x — y, 


uv = 2x + y of the triangular region with vertices (0, 0), 
(1, 1), and (1, —2) in the xy-plane. Sketch the transformed 
region in the uv-plane. 


. Solve the system 


u=x + 2y, veEx-y 


for x and y in terms of u and v. Then find the value of the 
Jacobian A(x, y)/d(u, v). 


. Find the image under the transformation u = x + 2y, 


v = x — y of the triangular region in the xy-plane bounded 
by the lines y = 0, y = x, and x + 2y = 2. Sketch the trans- 
formed region in the wv-plane. 


. Solve the system 


u = 3x + 2y, v=xt+4y 


for x and y in terms of u and v. Then find the value of the 
Jacobian d(x, y)/d(u, v). 


. Find the image under the transformation u = 3x + 2y, 


v = x + 4y of the triangular region in the xy-plane bounded 


by the x-axis, the y-axis, and the line x + y = 1. Sketch the 
transformed region in the wv-plane. 


4. a. Solve the system 


u = 2x — 3y, v=-xty 


for x and y in terms of wu and v. Then find the value of the 
Jacobian A(x, y)/A(u, v). 

b. Find the image under the transformation u = 2x — 3y, 
v = —x + y of the parallelogram R in the xy-plane with 
boundaries x = —3,x = 0, y = x, and y = x + 1. Sketch 
the transformed region in the uv-plane. 


Substitutions in Double Integrals 
5. Evaluate the integral 


x=(y/2)+1 oy = 
i; a > ihe dy 
x=y/2 


from Example 1 directly by integration with respect to x and y to 
confirm that its value is 2. 


6. Use the transformation in Exercise | to evaluate the integral 


fie — xy — y’) dx dy 


for the region R in the first quadrant bounded by the lines 
y= -2x+4,y =-2x+7,y=x-2,andy=x+1. 


7. Use the transformation in Exercise 3 to evaluate the integral 


Jf + 14xy + 8y?) dx dy 
R 


for the region R in the first quadrant bounded by the lines 
y = —(3/2)x + ly = —(3/2)x + 3,y = —-(1/4)x, and y= 
-(1/4x + 1. 

8. Use the transformation and parallelogram R in Exercise 4 to 
evaluate the integral 


ff — y) dx dy. 
R 


9. Let R be the region in the first quadrant of the xy-plane bounded 
by the hyperbolas xy = 1, xy = 9 and the lines y = x,y = 4x. 
Use the transformation x = u/v,y = uv with u > 0 and v > 0 


to rewrite 
| (3 + v=) dx dy 
x 
R 


as an integral over an appropriate region G in the wv-plane. Then 
evaluate the wv-integral over G. 


10. a. Find the Jacobian of the transformation x = u, y = uv and 


sketch the region G:1 = u = 2,1 = wv S 2, in the wv-plane. 


b. Then use Equation (2) to transform the integral 


2 2y 
j | yay dx 
1/1 


into an integral over G, and evaluate both integrals. 


11. Polar moment of inertia of an elliptical plate A thin plate of 
constant density covers the region bounded by the ellipse 
x/a + y/b = 1,a > 0,b > 0, in the xy-plane. Find the first 
moment of the plate about the origin. (Hint: Use the transforma- 
tion x = arcos 6, y = brsin 6.) 


12. The area of an ellipse The area awab of the ellipse 
x?/a? + y?/b> = 1 can be found by integrating the function 
f(x, y) = 1 over the region bounded by the ellipse in the xy- 
plane. Evaluating the integral directly requires a trigonometric 
substitution. An easier way to evaluate the integral is to use the 
transformation x = au, y = bv and evaluate the transformed 
integral over the disk G: u* + v? < 1 in the wv-plane. Find the 
area this way. 


13. Use the transformation in Exercise 2 to evaluate the integral 


2/3 p2-2y 
| / (x + 2y)e™ dx dy 
0 y 


by first writing it as an integral over a region G in the uv-plane. 


14. Use the transformation x = u + (1/2)v, y = v to evaluate the 


integral 
2 ply+4)/2 
/ | yx — ye? dx dy 
0 J y/2 


by first writing it as an integral over a region G in the uv-plane. 
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15. Use the transformation x = u/v, y = uv to evaluate the integral 


sum 
2 py 4 ply 

i / (x? + y?) dx dy + | / (x? + y?) dx dy. 
1 I/y 2 Sy/4 


16. Use the transformation x = uw? — v?, y = 2uv to evaluate the 
integral 


1 p2V1-x 
/ Vx? + y? dy dx. 
0 


0 


(Hint: Show that the image of the triangular region G with verti- 
ces (0, 0), (1, 0), (1, 1) in the wv-plane is the region of integration 
R in the xy-plane defined by the limits of integration.) 


Substitutions in Triple Integrals 


17. Evaluate the integral in Example 5 by integrating with respect to 
x, y, and z. 


18. Volume of an ellipsoid Find the volume of the ellipsoid 


(Hint: Let x = au, y = bv, and z = cw. Then find the volume of 
an appropriate region in wuw-space.) 


19, Evaluate 
I |xyz| dx dy dz 


over the solid ellipsoid 


2 2 2 


x y Zz 
op a 


IA 


a Cc 


(Hint: Let x = au, y = bv, and z = cw. Then integrate over an 
appropriate region in wuw-space.) 


20. Let D be the region in xyz-space defined by the inequalities 


lexze2, 0OSx =2, O= z= 1. 


I (x2y + 3xyz) dx dy dz 
D 


by applying the transformation 


Evaluate 


u=x, v=xy, w= 3z 


and integrating over an appropriate region G in uwuw-space. 


Theory and Examples 
21. Find the Jacobian a(x, y)/d(u, v) of the transformation 


a. x =ucosv, y=usinuv 
b. x =usinv, y= ucosv. 

22. Find the Jacobian a(x, y, z)/d(u, v, w) of the transformation 
a. x=ucosv, y=usinv, z=w 


bo x =2u-1, y=3u-—4, z= (1/2)w — 4). 
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23. 


24. 


25. 


26. 
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Evaluate the appropriate determinant to show that the Jacobian of 
the transformation from Cartesian pd@-space to Cartesian xyz- 
space is p* sin d. 

Substitutions in single integrals How can substitutions in sin- 
gle definite integrals be viewed as transformations of regions? 
What is the Jacobian in such a case? Illustrate with an example. 


Centroid of a solid semiellipsoid Assuming the result that the 
centroid of a solid hemisphere lies on the axis of symmetry three- 
eighths of the way from the base toward the top, show, by trans- 
forming the appropriate integrals, that the center of mass of a 
solid semiellipsoid (x?/a?) + (y?/b?) + (2/c?) < 1, z= 0, 
lies on the z-axis three-eighths of the way from the base toward 
the top. (You can do this without evaluating any of the integrals.) 


Cylindrical shells In Section 6.2, we learned how to find the 
volume of a solid of revolution using the shell method; namely, if 
the region between the curve y = f(x) and the x-axis from a to b 
(0<a<b) is revolved about the y-axis, the volume of the 
resulting solid is Fs 2axf(x) dx. Prove that finding volumes by 


27. 


28. 


using triple integrals gives the same result. (Hint: Use cylindrical 
coordinates with the roles of y and z changed.) 


Inverse transform The equations x = g(u,v), y = h(u, v) in 
Figure 15.54 transform the region G in the uv-plane into the 
region R in the xy-plane. Since the substitution transformation is 
one-to-one with continuous first partial derivatives, it has an 
inverse transformation and there are equations u = a(x, y), 
v = B(x, y) with continuous first partial derivatives transforming 
R back into G. Moreover, the Jacobian determinants of the trans- 
formations are related reciprocally by 


d(x, y) d(u, v)\~! 
au, v) (¥ 3) 
Equation (10) is proved in advanced calculus. Use it to find the 
area of the region R in the first quadrant of the xy-plane bounded 


by the lines y = 2x, 2y = x, and the curves xy = 2, 2xy = 1 for 
u = xy and v = y/x. 


(10) 


(Continuation of Exercise 27.) For the region R described in 
Exercise 27, evaluate the integral fie ry dA. 


Chapter 15 | Questions to Guide Your Review 


1. 


Define the double integral of a function of two variables over a 
bounded region in the coordinate plane. 


How are double integrals evaluated as iterated integrals? Does the 
order of integration matter? How are the limits of integration 
determined? Give examples. 


How are double integrals used to calculate areas and average val- 
ues. Give examples. 


How can you change a double integral in rectangular coordinates 
into a double integral in polar coordinates? Why might it be 
worthwhile to do so? Give an example. 


Define the triple integral of a function f(x, y, z) over a bounded 
region in space. 

How are triple integrals in rectangular coordinates evaluated? 
How are the limits of integration determined? Give an example. 


Chapter Practice Exercises 


Evaluating Double Iterated Integrals 
In Exercises 1-4, sketch the region of integration and evaluate the 
double integral. 


10 pl/y 
1. i / ye dx dy 
1 Jo 


1 px 
2. | i &!* dy dx 
0/0 
1 p2-Vy 
4. | / xy dx dy 
0 Jvy 


3/2 pV9—4P 
| ae t ds dt 


Vo-4P 


Ts 


10. 


11. 


How are double and triple integrals in rectangular coordinates 
used to calculate volumes, average values, masses, moments, and 
centers of mass? Give examples. 


. How are triple integrals defined in cylindrical and spherical coor- 


dinates? Why might one prefer working in one of these coordi- 
nate systems to working in rectangular coordinates? 


. How are triple integrals in cylindrical and spherical coordinates 


evaluated? How are the limits of integration found? Give 
examples. 


How are substitutions in double integrals pictured as transforma- 
tions of two-dimensional regions? Give a sample calculation. 


How are substitutions in triple integrals pictured as transforma- 
tions of three-dimensional regions? Give a sample calculation. 


In Exercises 5—8, sketch the region of integration and write an equiva- 
lent integral with the order of integration reversed. Then evaluate both 
integrals. 


4 p(y-4)/2 
5. / i dx dy 
0 J—-V4-y 


1 px 
6. | / Vx dy dx 
0Jx 
2 p4-x 
8. | i) 2x dy dx 
0/0 


3/2 pV9-4y? 
ap a y dx dy 


9-4)? 


Evaluate the integrals in Exercises 9-12. 


1 2 2 1 
9. i / 4 cos (x2) dx dy 10. | i e* dx dy 
0 J 2y 0 J y/2 
8 p2 1 1 
dy dx i 2 
uff se 2 ff om SINT ihe dy 
oJvwae yw td 0 JVy fo 


Areas and Volumes Using Double Integrals 

13. Area between line and parabola Find the area of the region 
enclosed by the line y = 2x + 4 and the parabola y = 4 — x? in 
the xy-plane. 


14. Area bounded by lines and parabola _ Find the area of the “tri- 
angular” region in the xy-plane that is bounded on the right by the 
parabola y = x’, on the left by the line x + y = 2, and above by 
the line y = 4. 

15. Volume of the region under a paraboloid Find the volume 
under the paraboloid z = x? + y? above the triangle enclosed by 
the lines y = x, x = 0, and x + y = 2 in the xy-plane. 

16. Volume of the region under a parabolic cylinder Find the vol- 


ume under the parabolic cylinder z = x? above the region enclosed 
by the parabola y = 6 — x? and the line y = x in the xy-plane. 


Average Values 
Find the average value of f(x, y) 
cises 17 and 18. 


17. The square bounded by the lines x = 1, y = 1 in the first quadrant 


= xy over the regions in Exer- 


18. The quarter circle x? + y* < 1 in the first quadrant 


Polar Coordinates 
Evaluate the integrals in Exercises 19 and 20 by changing to polar 
ace 


2 dy dx 
19. 
_Vjoe (1 + x? (+224 y)2 
1 Vi-y 
» [| In(x? + y? + 1) dx dy 
4d ayes 


21. Integrating over alemniscate Integrate the function f(x, y) = 
1/(1 + x? + y?)? over the region enclosed by one loop of the 
lemniscate (x7 + y*)? — (x7 — y*?) = 0. 

22. Integrate f(x, y) = 1/(1 + x? + y?)? over 

a. Triangular region The triangle with vertices (0, 0), (1, 0), 
and (1, V3). 
b. First quadrant The first quadrant of the xy-plane. 


Evaluating Triple Iterated Integrals 
Evaluate the integrals in Exercises 23-26. 


23. ri i i cos (x + y + z) dx dy dz 
0 
In? pln2 pins 
24. | / e929 dz dy dx 
In6 In4 
x pxty 
25. ‘i | | (2x — y — z) dz dy dx 
0/0 Jo 
€ x = 2y 
26. ~; dy dz dx 
1JiJo © 
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Volumes and Average Values Using Triple Integrals 

27. Volume Find the volume of the wedge-shaped region enclosed 
on the side by the cylinder x = —cosy,—7/2 = y S$ 7/2, on 
the top by the plane z = —2x, and below by the xy-plane. 


z 


x = —cos y 


T 
2 


28. Volume _ Find the volume of the solid that is bounded above by 
the cylinder z = 4 — x*, on the sides by the cylinder x7 + 
= 4, and below by the xy-plane. 


29. Average value Find the average value of f(x, y,z)= 
30xz Vx? + y over the rectangular solid in the first octant bounded 
by the coordinate planes and the planes x = 1, y = 3,z = 1. 


30. Average value Find the average value of p over the solid 
sphere p = a (spherical coordinates). 


Cylindrical and Spherical Coordinates 
31. Cylindrical to rectangular coordinates Convert 


2 pV2 pV4—P 
/ | / 3 dzrdr dé, r20 
0 0 r 


to (a) rectangular coordinates with the order of integration 
dz dx dy and (b) spherical coordinates. Then (c) evaluate one 
of the integrals. 

32. Rectangular to cylindrical coordinates (a) Convert to cylin- 
drical coordinates. Then (b) evaluate the new integral. 


(x?+y?) 
| 7 a) = dz dy dx 
(x?+y?) 


33. Rectangular to spherical coordinates (a) Convert to spherical 
coordinates. Then (b) evaluate the new integral. 


1 Vi-x* pl 
/ / | dz dy dx 
=1d V1 V+" 


34. Rectangular, cylindrical, and spherical coordinates Write an 
iterated triple integral for the integral of f(x, y, z) = 6 + 4y over 
the region in the first octant bounded by the cone z = Vx? + y?, 
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35. 


36. 


37. 
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the cylinder x? + y? = 1, and the coordinate planes in (a) rectan- 
gular coordinates, (b) cylindrical coordinates, and (c) spherical 
coordinates. Then (d) find the integral of f by evaluating one of 
the triple integrals. 


Cylindrical to rectangular coordinates Set up an integral in 
rectangular coordinates equivalent to the integral 


m/2 pV3 pV4—P 
/ / i 7(sin@ cos 6)z dz dr dé. 
o Ji Ji 


Arrange the order of integration to be z first, then y, then x. 


Rectangular to cylindrical coordinates The volume of a solid is 


2 pV2x-x pV4—2x7—-y*? 
‘| | / dz dy dx. 
040 V4-8-y 
a. Describe the solid by giving equations for the surfaces that 
form its boundary. 


b. Convert the integral to cylindrical coordinates but do not 
evaluate the integral. 


Spherical versus cylindrical coordinates Triple integrals 
involving spherical shapes do not always require spherical coor- 
dinates for convenient evaluation. Some calculations may be 
accomplished more easily with cylindrical coordinates. As a case 
in point, find the volume of the region bounded above by the 
sphere x? + y? + 2? = 8 and below by the plane z = 2 by using 
(a) cylindrical coordinates and (b) spherical coordinates. 


Masses and Moments 


38. 


39. 


40. 


41. 


Finding J, in spherical coordinates Find the moment of iner- 
tia about the z-axis of a solid of constant density 6 = 1 that is 
bounded above by the sphere p = 2 and below by the cone 
& = 7/3 (spherical coordinates). 


Moment of inertia of a “thick” sphere Find the moment of 
inertia of a solid of constant density 6 bounded by two concentric 
spheres of radii a and b (a < b) about a diameter. 


Moment of inertia of an apple Find the moment of inertia 
about the z-axis of a solid of density 6 = 1 enclosed by the 
spherical coordinate surface p = 1 — cos@. The solid is the red 
curve rotated about the z-axis in the accompanying figure. 


z 


p=1-cos¢d 


Centroid Find the centroid of the “triangular” region bounded 
by the lines x = 2,y = 2 and the hyperbola xy = 2 in the 
xy-plane. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


Centroid Find the centroid of the region between the parabola 
x + y? — 2y = 0 and the line x + 2y = 0 in the xy-plane. 
Polar moment Find the polar moment of inertia about the ori- 
gin of a thin triangular plate of constant density 6 = 3 bounded 
by the y-axis and the lines y = 2x and y = 4 in the xy-plane. 
Polar moment Find the polar moment of inertia about the cen- 
ter of a thin rectangular sheet of constant density 6 = 1 bounded 
by the lines 

a. x= £2, y = £1 in the xy-plane 

b. x = ta, 
(Hint: Find I,. Then use the formula for /, to find J,, and add the 
two to find Jp.) 


ll 


y = +b in the xy-plane. 


Inertial moment Find the moment of inertia about the x-axis of 
a thin plate of constant density 6 covering the triangle with verti- 
ces (0, 0), (3, 0), and (3, 2) in the xy-plane. 


Plate with variable density Find the center of mass and the 
moments of inertia about the coordinate axes of a thin plate 
bounded by the line y = x and the parabola y = x? in the xy- 
plane if the density is 6(x, y) = x + 1. 


Plate with variable density Find the mass and first moments 
about the coordinate axes of a thin square plate bounded by the 
lines x = +1, y = +1 in the xy-plane if the density is 5(x, y) = 
x+y? + 1/3. 

Triangles with same inertial moment Find the moment of 
inertia about the x-axis of a thin triangular plate of constant den- 
sity 5 whose base lies along the interval [0, b] on the x-axis and 
whose vertex lies on the line y = h above the x-axis. As you will 
see, it does not matter where on the line this vertex lies. All such 
triangles have the same moment of inertia about the x-axis. 


Centroid Find the centroid of the region in the polar coordinate 
plane defined by the inequalities 0 = r = 3,-7/3 S$ 0S 7/3. 
Centroid Find the centroid of the region in the first quadrant 


bounded by the rays 9 = 0 and @ = z/2 and the circles r = 1 
and r = 3. 


a. Centroid Find the centroid of the region in the polar coor- 
dinate plane that lies inside the cardioid r = 1 + cos 6 and 
outside the circle r = 1. 


b. Sketch the region and show the centroid in your sketch. 


a. Centroid Find the centroid of the plane region defined by 
the polar coordinate inequalities 0 = r=a,-a=O0=a 
(0 < a S 7). How does the centroid move as a— 7? 


b. Sketch the region for a = 57/6 and show the centroid in 
your sketch. 


Substitutions 


53. 


54. 


Show that if u = x — y and v = y, then for any continuous f 


7 | e f(x — y, y) dy dx = J | ev) f(y, v) du dv. 
0 Jo 0 Jo 


What relationship must hold between the constants a, b, and c to 


make 
CO poo 
i / eae + 2bxy + cy) dx dy = 1? 
—0o0.J —00 


(Hint: Let s = ax + Byandt = yx + dy, where (a6 — By)? = 
ac — b*. Then ax? + 2bxy + cy? = 8? + £.) 
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Volumes 


1. 


10. 


. Water in a hemispherical bowl 


. Sphere and paraboloid 


. Two paraboloids 


. Spherical coordinates 


. Two paraboloids 


Sand pile: double and triple integrals The base of a sand pile 
covers the region in the xy-plane that is bounded by the parabola 
x? + y = 6 and the line y = x. The height of the sand above the 
point (x, y) is x”. Express the volume of sand as (a) a double inte- 
gral, (b) a triple integral. Then (c) find the volume. 


A hemispherical bowl of 
radius 5 cm is filled with water to within 3 cm of the top. Find the 
volume of water in the bowl. 


. Solid cylindrical region between two planes Find the volume 


of the portion of the solid cylinder x7 + y? < 1 that lies between 
the planes z = Oandx +y+z=2. 
Find the volume of the region bounded 


above by the sphere x? + y* + z* = 2 and below by the parabo- 
loid z = x7 + y’. 


Find the volume of the region bounded above 
by the paraboloid z = 3 — x” — y’ and below by the paraboloid 
z= 2x2 + 2y. 

Find the volume of the region enclosed 
by the spherical coordinate surface p = 2 sin @ (see accompany- 
ing figure). 


. Hole in sphere A circular cylindrical hole is bored through a 


solid sphere, the axis of the hole being a diameter of the sphere. 
The volume of the remaining solid is 


Im pV3 pV4a-2 
V= | J | r dr dz do. 
0 0 1 


a. Find the radius of the hole and the radius of the sphere. 
b. Evaluate the integral. 


. Sphere and cylinder Find the volume of material cut from the 


solid sphere r? + z* < 9 by the cylinder r = 3 sin 0. 

Find the volume of the region enclosed by 
the surfaces z = x7 + y* and z = (x? + y? + 1)/2. 

Cylinder and surface z = xy Find the volume of the region in 
the first octant that lies between the cylinders r = 1 and r = 2 
and that is bounded below by the xy-plane and above by the sur- 
face z = xy. 


Changing the Order of Integration 
11. Evaluate the integral 


[oe] 

a —bx 
ee =e 
(==, 

0 


(Hint: Use the relation 


b 
—ax _ ,—bx 
oe — YY 
x Gay 
a 


to form a double integral and evaluate the integral by changing 
the order of integration.) 


tad 


12. a. Polar coordinates 
that 


asinB pVa—y* 1 
/ | In(x? + y?) dx dy = aB (ina = +). 
0 y 


cot B 
where a > O and 0 < B < 7/2. 


b. Rewrite the Cartesian integral with the order of integration 
reversed. 


Show, by changing to polar coordinates, 


13. Reducing a double to a single integral By changing the order 
of integration, show that the following double integral can be 
reduced to a single integral: 


| | eat) f(t) dtdu = | (x - pe" f(t) dt. 
0 Jo 0 


Similarly, it can be shown that 


x Uv u x ay 9 
| / | elnla—d) fd) dt dudv = | oO gmc-n f@ dt. 
0470 40 0 


14. Transforming a double integral to obtain constant limits 
Sometimes a multiple integral with variable limits can be changed 
into one with constant limits. By changing the order of integra- 
tion, show that 


1 x 
/ fool | a(x — y)f(y) “y) dx 
0 0 
1 1 
= | for( | g(x — y)f(x) ax) dy 
0 y 


1 1 
5 : | at |x — y [feOFO) de dy. 
0/70 


ll 


Masses and Moments 

15. Minimizing polar inertia A thin plate of constant density is to 
occupy the triangular region in the first quadrant of the xy-plane 
having vertices (0, 0), (a, 0), and (a, 1/a). What value of a will 
minimize the plate’s polar moment of inertia about the origin? 


16. Polar inertia of triangular plate Find the polar moment of 
inertia about the origin of a thin triangular plate of constant 
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17. 


18. 


Chapter 15: Multiple Integrals 


density 6 = 3 bounded by the y-axis and the lines y = 2x and 
y = 4 in the xy-plane. 

Mass and polar inertia of a counterweight The counterweight 
of a flywheel of constant density 1 has the form of the smaller 
segment cut from a circle of radius a by a chord at a distance b 
from the center (b < a). Find the mass of the counterweight and 
its polar moment of inertia about the center of the wheel. 


Centroid of a boomerang Find the centroid of the boomerang- 
shaped region between the parabolas y* = —4(x — 1) and 
y? = —2(x — 2) in the xy-plane. 


Theory and Examples 


19. 


20. 


21. 


Evaluate 


a pb 
Il emax (bx, ay) dy d 
Ly dx, 

0/70 


where a and b are positive numbers and 


if b?x? = a’y* 


max (b?x?, ay”) = ue 
’ if b°x? < a’y’. 


ay 


Show that 


°F (x, y) 
| seg dx dy 


over the rectangle x» = x = x,y = y = yj, is 


F(x, ¥)) — FQ. 1) — FO, Yo) + Fo: yo). 


Suppose that f(x, y) can be written as a product f(x, y) = F(x)G(y) 
of a function of x and a function of y. Then the integral of f over 
the rectangle R:a = x = b,c = y =d can be evaluated as a 
product as well, by the formula 


b d 
| f(x, y) dA = (/ F(x) ax)([ G(y) wv), 
R a c 


=~ 


1) 


The argument is that 


22. 


d b 
Jf ve» dA -| (/ F(X)G(y) ax)ay (i) 


R 
d b 
-| (cof F(x) ax) dy (ii) 
c ; : a 
= / ( / F(x) ax) G0) dy (iii) 
c ‘ a 3 
= (/ F(x) ax) f G(y) dy. (iv) 


a. Give reasons for steps (i) through (iv). 


When it applies, Equation (1) can be a time-saver. Use it to eval- 
uate the following integrals. 


In2 pa/2 2 pl 
b. / | e* cos y dy dx c. i / * dx dy 
0 Jo 1J-1Y 


Let D,f denote the derivative of f(x, y) = (x7 + y*)/2 in the 
direction of the unit vector u = wi + wj. 


23. 


24. 


25. 


26. 


27. 


28. 


a. Finding average value Find the average value of D,f 
over the triangular region cut from the first quadrant by the 
linex +y= 1. 

b. Average value and centroid Show in general that the 
average value of D,f over a region in the xy-plane is the 
value of D,f at the centroid of the region. 


The value of (1/2) 


ray = [ tle dt, 
0 


extends the factorial function from the nonnegative integers to 
other real values. Of particular interest in the theory of differen- 
tial equations is the number 


1 iiss = 
r(5) -{ {1/21 ot dy -f —dt. (2) 
2 0 0 Vit 


a. If you have not yet done Exercise 41 in Section 15.4, do it 
now to show that 


= [oon 
0 


b. Substitute y = Vit in Equation (2) to show that 

[1 /2) = 21= Vn. 
Total electrical charge over circular plate The electrical 
charge distribution on a circular plate of radius R meters is 
a(r, 0) = kr( — sin 6) coulomb/ m? (k a constant). Integrate o 
over the plate to find the total charge Q. 


The gamma function, 


A parabolic rain gauge A bowl is in the shape of the graph of 
z=x° + y* from z = 0 to z = 10 in. You plan to calibrate the 
bowl to make it into a rain gauge. What height in the bowl would 
correspond to | in. of rain? 3 in. of rain? 


Water in a satellite dish A parabolic satellite dish is 2 m wide 
and 1/2 m deep. Its axis of symmetry is tilted 30 degrees from the 
vertical. 


a. Set up, but do not evaluate, a triple integral in rectangular coor- 
dinates that gives the amount of water the satellite dish will 
hold. (Hint: Put your coordinate system so that the satellite dish 
is in “standard position” and the plane of the water level is 
slanted.) (Caution: The limits of integration are not “nice.”’) 


b. What would be the smallest tilt of the satellite dish so that it 
holds no water? 


An infinite half-cylinder Let D be the interior of the infinite 
right circular half-cylinder of radius 1 with its single-end face 
suspended | unit above the origin and its axis the ray from (0, 0, 
1) to ©, Use cylindrical coordinates to evaluate 


EG Pay adv. 


Hypervolume We have learned that I : 1 dx is the length of the 
interval [a,b] on the number line (one-dimensional space), 
ii p/ GA is the area of region R in the xy-plane (two-dimensional 
space), and I p!4V is the volume of the region D in three- 
dimensional space (xyz-space). We could continue: If Q is a 
region in 4-space (xyzw-space), then Sif. ol dV is the “hyper- 
volume” of Q. Use your generalizing abilities and a Cartesian 
coordinate system of 4-space to find the hypervolume inside the 
unit 4-dimensional sphere x7 + y? + z+ w? = 1. 
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Mathematica/Maple Modules: 


Take Your Chances: Try the Monte Carlo Technique for Numerical Integration in Three Dimensions 
Use the Monte Carlo technique to integrate numerically in three dimensions. 


Means and Moments and Exploring New Plotting Techniques, Part IT 
Use the method of moments in a form that makes use of geometric symmetry as well as multiple integration. 


16. 1 Line Integrals 


(Xp. Ver Zu) 


FIGURE 16.1 The curve r(¢) partitioned 
into small arcs from t = a to t = b. The 
length of a typical subarc is As;. 
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Integrals and Vector 
Fields 


OVERVIEW In this chapter we extend the theory of integration over coordinate lines and 
planes to general curves and surfaces in space. The resulting theory of line and surface 
integrals gives powerful mathematical tools for science and engineering. Line integrals are 
used to find the work done by a force in moving an object along a path, and to find the 
mass of a curved wire with variable density. Surface integrals are used to find the rate of 
flow of a fluid across a surface. We present the fundamental theorems of vector integral 
calculus, and discuss their mathematical consequences and physical applications. In the 
final analysis, the key theorems are shown as generalized interpretations of the Fundamen- 
tal Theorem of Calculus. 


To calculate the total mass of a wire lying along a curve in space, or to find the work done 
by a variable force acting along such a curve, we need a more general notion of integral 
than was defined in Chapter 5. We need to integrate over a curve C rather than over an 
interval [a,b]. These more general integrals are called line integrals (although path 
integrals might be more descriptive). We make our definitions for space curves, with 
curves in the xy-plane being the special case with z-coordinate identically zero. 

Suppose that f(x, y, z) is a real-valued function we wish to integrate over the curve C 
lying within the domain of f and parametrized by r(t) = g(Ai + ADJ + kK(Ok,a St Sb. 
The values of f along the curve are given by the composite function f(g(A), h(t), k(t)). We 
are going to integrate this composite with respect to arc length from t = a to t = b. To 
begin, we first partition the curve C into a finite number n of subarcs (Figure 16.1). The 
typical subarc has length As,. In each subarc we choose a point (2%, y;, Z,) and form the 
sum 


Sn = = Ox; Niko 2) As,, 
k=1 


which is similar to a Riemann sum. Depending on how we partition the curve C and pick 
(Xx, Ye» Z) In the kth subarc, we may get different values for S,,. If f is continuous and the 
functions g, h, and k have continuous first derivatives, then these sums approach a limit as 
n increases and the lengths As; approach zero. This limit gives the following definition, 
similar to that for a single integral. In the definition, we assume that the partition satisfies 
As, 0 as noo, 


a. y= [27 +() + 


FAO) = FBO, AO, KO) 


FIGURE 16.2 The integration path in 
Example 1. 
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DEFINITION If f is defined on a curve C given parametrically by r(t) = 
g(thi + Aj + kk, a = t S D, then the line integral of f over C is 


| f(x, y, dds = lim DS) fx, ye, %) AK, (1) 
C NOOR] 


provided this limit exists. 


If the curve C is smooth for a = t = b (so v = dr/dt is continuous and never 0) and the 
function f is continuous on C, then the limit in Equation (1) can be shown to exist. We can 
then apply the Fundamental Theorem of Calculus to differentiate the arc length equation, 


t 
Eg. (3) of Section 13.3 
s() = / [vin)| dr, i 
a 


with f =a 


to express ds in Equation (1) as ds = | v(2) | dt and evaluate the integral of f over C as 


b 
[too z) ds -| f(g, h), kD) | vO| dt. (2) 
(os a 


Notice that the integral on the right side of Equation (2) is just an ordinary (single) definite 
integral, as defined in Chapter 5, where we are integrating with respect to the parameter f¢. 
The formula evaluates the line integral on the left side correctly no matter what parametri- 
zation is used, as long as the parametrization is smooth. Note that the parameter ¢ defines a 
direction along the path. The starting point on C is the position r(a) and movement along 
the path is in the direction of increasing f (see Figure 16.1). 


How to Evaluate a Line Integral 


To integrate a continuous function f(x, y, z) over a curve C: 
1. Find a smooth parametrization of C, 
r(f) = g(Mi + Aj + kk, asxtz=b. 


2. Evaluate the integral as 


b 
| FQ, y, 2) ds = / f(g, hO, kD) | vO] at. 
iC. a 


If f has the constant value 1, then the integral of f over C gives the length of C from 
t = atot = bin Figure 16.1. We also write f(r(a)) for the evaluation f(g(4), h(@), k(t)) along 
the curve r. 


EXAMPLE 1 Integrate f(x, y, z) = x — 3y? + z over the line segment C joining the 
origin to the point (1, 1, 1) (Figure 16.2). 


Solution We choose the simplest parametrization we can think of: 


r(t) = fi + tj + tk, Osresl. 
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The components have continuous first derivatives and |v(s)| = |it+ j + k| = 
Vi2 + 12+ 12 = V3 is never 0, so the parametrization is smooth. The integral of f 
over C is 


1 
[toss z) ds -/ f(,1,)(V3) dt Eq. 2), ds = |vin| at = V3 at 
Cc 0 
1 


-| (t — 32 + t1)V3 dt 


0 


-vif (2t — 3?) dt = V3[P — 8] = 0. | 
0 


Additivity 
Line integrals have the useful property that if a piecewise smooth curve C is made by join- 
ing a finite number of smooth curves C), Ci,..., C, end to end (Section 13.1), then the 


integral of a function over C is the sum of the integrals over the curves that make it up: 
[ta- past f gate f pas (3) 
€ CQ C) Ch 


EXAMPLE 2 Figure 16.3 shows another path from the origin to (1, 1, 1), the union of 
(, 1,1) line segments C, and C). Integrate f(x, y,z) = x — 3y? + zover C; UC. 


Solution We choose the simplest parametrizations for C; and C; we can find, calculat- 
ing the lengths of the velocity vectors as we go along: 


Cy 
y 
a Ce r@=n+4, O=t=h blH=VvrPrr=V2 
C: rj=it+jttk, Osrts1; |v] = VOP+0?4+ 12 =1. 

(1, 1,0) With these parametrizations we find that 
: el, 
FIGURE 16.3 The path of integration in | fy, 2 ds = i: f(x, y, 2) ds + - f(x, y, 2) ds Eq. (3) 
Example 2. CUC; Cc Cy 


1 1 
= [ fenoved+ | fat.oayar Eq. (2) 
0 0 
1 1 
-f (¢— 32 + ov2ar+ f (1-—3+a()dt 
0 0 


_ © Ala et ee 
- vf a) +[ 2] aa a 


Notice three things about the integrations in Examples | and 2. First, as soon as the 
components of the appropriate curve were substituted into the formula for f, the integra- 
tion became a standard integration with respect to ¢. Second, the integral of f over C; U C, 
was obtained by integrating f over each section of the path and adding the results. Third, 
the integrals of f over C and C, U C, had different values. We investigate this third obser- 
vation in Section 16.3. 


1~y 
- y?+227=1,220 


FIGURE 16.4 Example 4 shows how to 
find the center of mass of a circular arch of 
variable density. 
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The value of the line integral along a path joining two points can change if you 
change the path between them. 


EXAMPLE 3 Find the line integral of f(x, y,z) = 2xy + Vz over the helix 
r(t) = costit+ sintj + tk,0 StS 7. 


Solution For the helix we find, v(t) = r’(t) = —sinti + cos rj + k and |v(t)| = 
V(- sin ft)? + (cosf? + 1 = Ay, Evaluating the function f along the path, we obtain 


fart) = f(cost, sint,) = 2costsint + Vt = sin2¢+ V1. 


The line integral is given by 


| tenaa= [ (sin 2¢ + Vt)V2 dt 
(4 0 
= al 232|" 
va 7 C08 21 + 31 


= ae m2 = 5.25, a 


Mass and Moment Calculations 


We treat coil springs and wires as masses distributed along smooth curves in space. The 
distribution is described by a continuous density function d(x, y, z) representing mass per 
unit length. When a curve C is parametrized by r(t) = x()i + y(Oj + zHk, a St Sb, 
then x, y, and z are functions of the parameter f, the density is the function 6(x(1), y(t), z(t), 
and the arc length differential is given by 


dx\* dy\? dz\? 
w= /(#) + (3) + (4) di 


(See Section 13.3.) The spring’s or wire’s mass, center of mass, and moments are then 
calculated with the formulas in Table 16.1, with the integrations in terms of the parameter 
t over the interval [ a, b ]. For example, the formula for mass becomes 


: : dy\? 2 
M - / SOx), YO, <0) | (“) + (2) n (£) ae 


These formulas also apply to thin rods, and their derivations are similar to those in 
Section 6.6. Notice how alike the formulas are to those in Tables 15.1 and 15.2 for double 
and triple integrals. The double integrals for planar regions, and the triple integrals for 
solids, become line integrals for coil springs, wires, and thin rods. 

Notice that the element of mass dm is equal to éds in the table rather than 6dV as in 
Table 15.1, and that the integrals are taken over the curve C. 


EXAMPLE 4 A slender metal arch, denser at the bottom than top, lies along the 
semicircle y* + z? = 1, z = O, in the yz-plane (Figure 16.4). Find the center of the arch’s 
mass if the density at the point (x, y, z) on the arch is d(x, y, z) = 2 — z. 


Solution We know that x = 0 and y = 0 because the arch lies in the yz-plane with its 
mass distributed symmetrically about the z-axis. To find z, we parametrize the circle as 


r(t) = (cos Hj + (sin Ok, Ostsq. 
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height f(x, y) 


ga 


ao Plane curve C 


FIGURE 16.5 The line integral 

3 cf ds gives the area of the portion of 
the cylindrical surface or “wall” beneath 
z=fa%y) = 0. 


TABLE 16.1 Mass and moment formulas for coil springs, wires, and thin rods 
lying along a smooth curve C in space 


Mass: M= : 6 ds 5 = 6(x, y, z) is the density at (x, y, z) 
First moments about the coordinate planes: 


m= f rds, Ma = f yds, Ma = f z8ds 
; (6: Cc : ‘al 


Coordinates of the center of mass: 
x=M,,/M, y=M, 


Moments of inertia about axes and other lines: 


L= [oe + 22)8ds, i= fe + 2)8ds, L= fe + y?)8ds, 
c G Cc 


[ C= | r-6 ds r(x, y, Z) = distance from the point (x, y, z) to line L 
Cc 


For this parametrization, 


2 2 2 
|v(n)| = (4) + (2) + (#) = V0? + (sin t + (cost) = 1 


so ds = |v| dt = dt. 


The formulas in Table 16.1 then give 


weeks ods= fe sin f) dt = 24 — 2 
My = | 24s = = [2 — z)ds Sr (sin t)(2 — sin ft) dt 


-[ (2 sint — sin? t) dt = 8a Routine integration 
_ My g-a 1 8 = 491 
M I =o 4e=4° °°" 
With z to the nearest hundredth, the center of mass is (0, 0, 0.57). ical 


Line Integrals in the Plane 


There is an interesting geometric interpretation for line integrals in the plane. If C is a 
smooth curve in the xy-plane parametrized by r(t) = x(fi + y()j,a = t S b, we gener- 
ate a cylindrical surface by moving a straight line along C orthogonal to the plane, holding 
the line parallel to the z-axis, as in Section 12.6. If z = f(x, y) is a nonnegative continuous 
function over a region in the plane containing the curve C, then the graph of f is a surface 
that lies above the plane. The cylinder cuts through this surface, forming a curve on it that 
lies above the curve C and follows its winding nature. The part of the cylindrical surface 
that lies beneath the surface curve and above the xy-plane is like a “winding wall” or 
“fence” standing on the curve C and orthogonal to the plane. At any point (x, y) along the 
curve, the height of the wall is f(x, y). We show the wall in Figure 16.5, where the “top” of 
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the wall is the curve lying on the surface z = f(x, y). (We do not display the surface 
formed by the graph of f in the figure, only the curve on it that is cut out by the cylinder.) 
From the definition 


| fds = lim > fm, ye) AX, 
c NFO p=] 


where As, 0 as n—>©, we see that the line integral 7 cf ds is the area of the wall 
shown in the figure. 


Exercises 16.1, 


Graphs of Vector Equations r=ait+tUd-d)j, Ostsl 
Match the vector equations in Exercises 1-8 with the graphs (a)—(h) rf) =it+jtrk, -1<t<1 
given here. . ae . 
7 rif) = (2cosAi + (2sindj, OSt Ss 27 
a : 


r(t)=ti, -lstsl 


F -ro=tittiyt+rtkh OS rs2 
. rt) =tjTt+2-2)k, OSrsl 
. r(t) = (0 — 1j + 2tk, l=r=1 
> 8. r() = 2cosfi+ 2sindk, O<t<7 


z 
=] 
1 
Evaluating Line Integrals over Space Curves 
1 1 


>N 


IAM Rw E 


x 


1 y 9. Evaluate I c(x + y)ds where C is the straight-line segment 
x x=ty=( t), z = 0, from (0, 1, 0) to (1, 0, 0). 
c d. 10. Evaluate { c(t — y + z — 2) ds where C is the straight-line seg- 


mentx=ty=( t),z = 1, from (0, 1, 1) to (1, 0, 1). 


11. Evaluate f cay ty + z)ds along the curve r(f) = 24 + 
tj t+ (2 - 20k,0 Sr 1. 


12. Evaluate I ¢Vx° + y’ds along the curve r(t) = (4 cos Ai + 
(4sindj + 3tk,-27 St S 27. 


pa 


13. Find the line integral of f(x, y, z) = x + y + z over the straight- 
line segment from (1, 2, 3) to (0, —1, 1). 

14, Find the line integral of f(x, y,z) = V3/(x2 + y? + 22) over 
the curve r(f) = tit tj + th, 1 Sr sam, 


o 
™ 


>N 


2 
15. Integrate f(x, y,z) =x + Vy — 2 over the path from (0, 0, 0) 
to (1, 1, 1) (see accompanying figure) given by 
Cc: rj=tt+erj, Osts<l 
ml GC: rt)=it+tjttk Ostrsl 
Zz 
y A 
x \| 
—2 
Ms (0, 0, 0) 
z dd, 1,1) 
A 
Pasay: 
Cy 
x Cy 
(1, 1, 0) 
(a) (b) 


The paths of integration for Exercises 15 and 16. 
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16. Integrate f(x, y,z) =x + Vy — 2 over the path from (0, 0, 0) 
to (1, 1, 1) (see accompanying figure) given by 
Cc: rt)=tk, OsStsl 
Cc: rj=j+k Osrsl 
Cz; rj=titjrk Osrsl 


17. Integrate f(x, y,z) = (x + y + 2)/(x? + y? + 2) over the path 
rj) =titayt+tkO<aste=b. 


18. Integrate f(x, y, z) = — Vx? + 2? over the circle 


r(t) = (acos fj + (asin dk, Osts2z. 


Line Integrals over Plane Curves 
19. Evaluate i, ct ds, where C is 


a. the straight-line segment x = ft, y = t/2, from (0, 0) to (4, 2). 
b. the parabolic curve x = t, y = 1°, from (0, 0) to (2, 4). 

20. Evaluate q, oVx + 2y ds, where C is 
a. the straight-line segment x = ft, y = 41, from (0, 0) to (1, 4). 


b. C, U Cy; C, is the line segment from (0, 0) to (1, 0) and C; is 
the line segment from (1, 0) to (1, 2). 


21. Find the line integral of f(x,y) = ye’ along the curve 
r(f) = 4ti — 3tj, -l StS 2. 

22. Find the line integral of f(x,y) = x — y + 3 along the curve 
r(t) = (cos fi + (sindj,0 = t S 27. 


2 
23. Evaluate nds, where C is the curve x = 7°, y = 2, for 
cy 

1=?r=2. 
24. Find the line integral of f(x,y) = Vy/x along the curve 

rf) = Pi t+ Aj, 1/2 sts. 
25. Evaluate I alt + Vy) ds where C is given in the accompanying 

figure. 


(0, 0) 


26. Evaluate i —— ds where C is given in the accompany- 
cx ty tl 


ing figure. 


(0, 0) (1, 0) 


In Exercises 27—30, integrate f over the given curve. 

27. fay) =x/y, C: y=x/2, OS x<=2 

28. f(x,y) = (x + y?)/V1 +27, C: y = x?/2 from (1, 1/2) to 
(0, 0) 

29. f(x,y) =xt+y, C: x? + y? =4 in the first quadrant from 
(2, 0) to (0, 2) 

30. fay) =x -—y, C: x? + y? = 4 in the first quadrant from 
(0, 2) to (V2, V2) 

31. Find the area of one side of the “winding wall” standing orthogo- 
nally on the curve y = x*,0 < x S 2, and beneath the curve on 
the surface f(x,y) = x + Vy. 

32. Find the area of one side of the “wall” standing orthogonally on 


the curve 2x + 3y = 6,0 = x = 6, and beneath the curve on 
the surface f(x,y) = 4 + 3x + 2y. 


Masses and Moments 

33. Mass of a wire Find the mass of a wire that lies along the curve 
r(t) = (? — lj + 2tk, 0 St < 1, if the density is 6 = (3/2). 

34. Center of mass of a curved wire A wire of density 
&(x, y, z) = 15Vy + 2 lies along the curve r(f) = (7 — Lj + 
2tk, —1 = t = 1. Find its center of mass. Then sketch the curve 
and center of mass together. 


35. Mass of wire with variable density Find the mass of a thin 
wire lying along the curve r(f) = V2ti 4 V 285 + (4 — 2 )k, 
0 <t = 1, if the density is (a) 6 = 3¢ and (b) 6 = 1. 

36. Center of mass of wire with variable density Find the center 
of mass of a thin wire lying along the curve r(t) = ti + 2tj + 
(2/3)8/*k, 0 < t < 2, if the density is 5 = 3V/5 + t. 

37. Moment of inertia of wire hoop A circular wire hoop of con- 
stant density 6 lies along the circle x? + y* = a? in the xy-plane. 
Find the hoop’s moment of inertia about the z-axis. 


38. Inertia of a slender rod A slender rod of constant density lies 
along the line segment r(t) = tj + (2 — 2k, 0 = t = 1, in the 
yz-plane. Find the moments of inertia of the rod about the three 
coordinate axes. 


39. Two springs of constant density A spring of constant density 
6 lies along the helix 


Ost S27. 


r(t) = (cos fi + (sin Aj + tk, 


a. Find L. 

b. Suppose that you have another spring of constant density 6 
that is twice as long as the spring in part (a) and lies along the 
helix for 0 = t = 47. Do you expect /, for the longer spring 
to be the same as that for the shorter one, or should it be dif- 
ferent? Check your prediction by calculating J, for the longer 
spring. 

40. Wire of constant density A wire of constant density 6 = 1 
lies along the curve 


r(t) = (tcos Ai + (t sin dj + (2V2/3)87k, =OSt= 1. 


Find z and /,. 
41. The arch in Example 4_ Find /, for the arch in Example 4. 
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42. Center of mass and moments of inertia for wire with variable 43. fix, y,z) = /Y + 30x2 + 10y; r() = i+ Pj + 37k, 


density Find the center of mass and the moments of inertia 0<t<2 
about the coordinate axes of a thin wire lying along the curve 


252. ‘a 
3/25 4 
3 rij 7k. 


r(t) = ti 4 
if the density is 6 = 1/(t + 1). 


COMPUTER EXPLORATIONS 


In Exercises 43-46, use a CAS to perform the following steps to 


evaluate the line integrals. 


44, f(x,y, = Vi+e +59; rQ= H+ tj + Vik, 


Q=1f=2 


45. f(x,y, z) = xVy — 327; r(t) = (cos 2Ai + (sin 2)j + 5rk, 
Osts27 


OQ = 7 =2, 


1/4 
46. f(x,y, z) = (1 + 328) ; x(t) = (cos 2¢)i + (sin 2j + 


7k, Ot 20 


a. Find ds = |v(s)| dt for the path r(t) = g()i + ACD + kk. 
b. Express the integrand f(g(t), h(t), k(t))|v()| as a function of 


the parameter f. 


c. Evaluate I c J ds using Equation (2) in the text. 
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FIGURE 16.6 Velocity vectors of a 
flow around an airfoil in a wind tunnel. 


FIGURE 16.7 Streamlines ina 
contracting channel. The water speeds up 


as the channel narrows and the velocity 
vectors increase in length. 


Gravitational and electric forces have both a direction and a magnitude. They are repre- 
sented by a vector at each point in their domain, producing a vector field. In this section 
we show how to compute the work done in moving an object through such a field by using 
a line integral involving the vector field. We also discuss velocity fields, such as the vector 
field representing the velocity of a flowing fluid in its domain. A line integral can be used 
to find the rate at which the fluid flows along or across a curve within the domain. 


Vector Fields 


Suppose a region in the plane or in space is occupied by a moving fluid, such as air or 
water. The fluid is made up of a large number of particles, and at any instant of time, a 
particle has a velocity v. At different points of the region at a given (same) time, these 
velocities can vary. We can think of a velocity vector being attached to each point of the 
fluid representing the velocity of a particle at that point. Such a fluid flow is an example of 
a vector field. Figure 16.6 shows a velocity vector field obtained from air flowing around 
an airfoil in a wind tunnel. Figure 16.7 shows a vector field of velocity vectors along the 
streamlines of water moving through a contracting channel. Vector fields are also associ- 
ated with forces such as gravitational attraction (Figure 16.8), and with magnetic fields, 
electric fields, and there are also purely mathematical fields. 

Generally, a vector field is a function that assigns a vector to each point in its domain. 
A vector field on a three-dimensional domain in space might have a formula like 


F(x, y, 2) = M(x, y, zi + NO, y, Dj + PO, y, DK. 


The field is continuous if the component functions M, N, and P are continuous; it is dif- 
ferentiable if each of the component functions is differentiable. The formula for a field of 
two-dimensional vectors could look like 


F(x, y) = M(x, yi + N(x, y)j. 


We encountered another type of vector field in Chapter 13. The tangent vectors T and 
normal vectors N for a curve in space both form vector fields along the curve. Along a 
curve r(t) they might have a component formula similar to the velocity field expression 


v(t) = fi + gj + AOk. 


If we attach the gradient vector Vf of a scalar function f(x, y, z) to each point of a 
level surface of the function, we obtain a three-dimensional field on the surface. If we 
attach the velocity vector to each point of a flowing fluid, we have a three-dimensional 
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FIGURE 16.8 Vectors ina 
gravitational field point toward 


the center of mass that gives the 
source of the field. 


f@y,2) = ¢ 
FIGURE 16.10 The field 


of gradient vectors Vf ona 
surface f(x, y, Z) = c. 


zg 
= _—E +y<a 


FIGURE 16.13 The flow of fluid 


in a long cylindrical pipe. The vectors 
v = (a* — r*)k inside the cylinder that 


have their bases in the xy-plane have 


their tips on the paraboloid z = a? — r 


field defined on a region in space. These and other fields are illustrated in Figures 16.6— 
16.15. To sketch the fields, we picked a representative selection of domain points and drew 
the vectors attached to them. The arrows are drawn with their tails, not their heads, 
attached to the points where the vector functions are evaluated. 


FIGURE 16.9 A surface, like a mesh net or parachute, in a 
vector field representing water or wind flow velocity vectors. The 
arrows show the direction and their lengths indicate speed. 


FIGURE 16.12 A “spin” field of rotat- 
ing unit vectors 


FIGURE 16.11 The radial field 

F = xi + yj of position vectors of points 
in the plane. Notice the convention that an F = (-yi + xj) /( + y)! /2 
arrow is drawn with its tail, not its head, at 

in the plane. The field is not defined at the 


the point where F is evaluated. _ 
origin. 


Gradient Fields 


The gradient vector of a differentiable scalar-valued function at a point gives the direction 
of greatest increase of the function. An important type of vector field is formed by all the 
gradient vectors of the function (see Section 14.5). We define the gradient field of a dif- 
ferentiable function f(x, y, z) to be the field of gradient vectors 


At each point (x, y, z), the gradient field gives a vector pointing in the direction of greatest 
increase of f, with magnitude being the value of the directional derivative in that direction. 
The gradient field is not always a force field or a velocity field. 


FIGURE 16.14 The 
velocity vectors v(t) of a 
projectile’s motion make 
a vector field along the 
trajectory. 
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a 


WIND SPEED, M/S 


0 2 4 6 8 10 12 14 16+ 


FIGURE 16.15 NASA’s Seasat used radar to take 350,000 wind measurements 
over the world’s oceans. The arrows show wind direction; their length and the 
color contouring indicate speed. Notice the heavy storm south of Greenland. 


EXAMPLE 1 Suppose that the temperature T at each point (x, y, z) in a region of 
space is given by 


T = 100 — x* — y? — 2, 
and that F(x, y, z) is defined to be the gradient of T. Find the vector field F. 


Solution The gradient field F is the field F = VT = —2xi — 2yj — 2zk. At each point 
in space, the vector field F gives the direction for which the increase in temperature is 
greatest. a 


Line Integrals of Vector Fields 


In Section 16.1 we defined the line integral of a scalar function f(x, y, z) over a path C. We 
turn our attention now to the idea of a line integral of a vector field F along the curve C. 
Such line integrals have important applications in studying fluid flows, and electrical or 
gravitational fields. 

Assume that the vector field F = M(x, y, z)i + N(x, y, z)j + P(x, y, z)k has contin- 
uous components, and that the curve C has a smooth parametrization r(t) = g(fi+ 
A(t)j + kk, a = t = b. As discussed in Section 16.1, the parametrization r(t) defines 
a direction (or orientation) along C which we call the forward direction. At each point 
along the path C, the tangent vector T = dr/ds = v/|v| is a unit vector tangent to the 
path and pointing in this forward direction. (The vector v = dr/dt is the velocity vector 
tangent to C at the point, as discussed in Sections 13.1 and 13.3.) Intuitively, the line 
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integral of the vector field is the line integral of the scalar tangential component of F 
along C. This tangential component is given by the dot product 


so we have the following formal definition, where f = F + T in Equation (1) of Section 16.1. 


DEFINITION Let F be a vector field with continuous components defined along 
a smooth curve C parametrized by r(t), a <= t = b. Then the line integral of F 
along C is 


We evaluate line integrals of vector fields in a way similar to how we evaluate line 
integrals of scalar functions (Section 16.1). 


Evaluating the Line Integral of F = Mi + Nj + Pk Along 
C: r(t) = g(t)i + A(Hj + KbHk 


1. Express the vector field F in terms of the parametrized curve C as F(r(t)) by 
substituting the components x = g(t), y = A(t), z = K(f) of r into the scalar 
components M(x, y, z), N(x, y, z), P(x, y, z) of F. 


2. Find the derivative (velocity) vector dr/dt. 


3. Evaluate the line integral with respect to the parameter ¢, a = t = J, to 


obtain 
b 
dr 
F-dr = ‘| F(r(t)) + — dt. 
[rea [ rom $ 


EXAMPLE 2 Evaluate [ cF- dr, where F(x, y, z) = zi + xyj — y’k along the curve 


C given by r(f) = Pi + tf + Vtk,O <1 <1. 


Solution We have 


Fr) = Vit P7- Pk z= Vix =8,-y =-2 
and 
dr ig. 3 1 
— = 211+ j + ——>k. 
dt Wt 
Thus, 


1 
dr 
Pear = f F(r() - dt 
[rea [ row-4 
1 
-f (esate) a 
; 2 
_[(3\(2 52). 14|' 17 
=[()G"") + 4], = 25 - 
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Line Integrals with Respect to dx, dy, or dz 


When analyzing forces or flows, it is often useful to consider each component direction 
separately. In such situations we want a line integral of a scalar function with respect to one 
of the coordinates, such as / ,M dx. This integral is not the same as the arc length line 
integral I cM ds we defined in Section 16.1. To define the integral I cM dx for the scalar 
function M(x, y, z), we specify a vector field F = M(x, y, z)i having a component only in 
the x-direction, and none in the y- or z-direction. Then, over the curve C parametrized by 
r(t) = g(t)i + A(Dj + kk fora S t S b, we have x = g(t), dx = g'(t) dt, and 


F-dr =F: a dt = M(x, y, z)g'(t) dt = M(x, y, z) dx. 
From the definition of the line integral of F along C, we define 
[mos y, Z) dx = i: F-dr, where F = M(x, y, zi. 
c Cc 
In the same way, by defining F = N(x, y, z)j with a component only in the y-direction, or 
as F = P(x, y, z)k with a component only in the z-direction, we can obtain the line inte- 


grals i) c N dy and y, cP dz. Expressing everything in terms of the parameter ¢ along the 
curve C, we have the following formulas for these three integrals: 


b 

[mo y, 2) ax -/ M(g(t), A(t), k(t) g' (0) dt (1) 
(a a 
b 

[ne y, 2) dy -| Neg(d), A), KD) h'(t) dt (2) 
Cc a 
b 

[Por z) dz -/ P(g(t), h(d), k(t) k'(O) dt (3) 
€ a 


It often happens that these line integrals occur in combination, and we abbreviate the nota- 
tion by writing 


[Morodt [narod [parade = | mars nay + Pat 
Cc Cc Cc 6 


EXAMPLE 3 Evaluate the line integral } cay dx + zdy + 2x dz, where C is the 
helix r(t) = (cos Hi + (sindj + tk,0 St S 27. 


Solution We express everything in terms of the parameter ¢, so x = cost, y = sint, 
z= t, and dx = —sintdt, dy = cos t dt, dz = dt. Then, 


2a 
[ow + zdy + 2xdz = - [(—sin #)(—sin t) + tcost + 2 cos t] dt 
C 0 


27 
-| [2cost + tcost + sin* rt] dt 
0 


II 
as | 


: . t — sin 2r\ |?" 
2sint + (tsint + cost) + |= —- 
2 4 7 


=[{0+(0+1)+(-—0)] —- [0+ 0+ 1)+0-0)] 
= 7. | 


| 
3 
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F,+T;, 


FIGURE 16.16 The work done along 
the subarc shown here is approximately 
F,: T, As,, where F, = F(x, y,, z,) and 
T. = Tx: Yes %)- 


Bet=b 


A®t=a 


FIGURE 16.17 The work done by a 

force F is the line integral of the scalar 

component F: T over the smooth curve 
from A to B. 


(0, 0, 0) 


ly 
ere 


XQ) =8+ 774+ 0K (1,0) 


FIGURE 16.18 The curve in Example 4. 


Work Done by a Force over a Curve in Space 


Suppose that the vector field F = M(x, y, z)i + N(x, y, z)j + PC, y, z)K represents a force 
throughout a region in space (it might be the force of gravity or an electromagnetic force 
of some kind) and that 


r(t) = g(Oi + hj + kk, 


axst=b, 


is a smooth curve in the region. The formula for the work done by the force in moving an 
object along the curve is motivated by the same kind of reasoning we used in Chapter 6 to 
derive the ordinary single integral for the work done by a continuous force of magnitude 
F(x) directed along an interval of the x-axis. For a curve C in space, we define the work 
done by a continuous force field F to move an object along C from a point A to another 
point B as follows. 

We divide C into n subarcs P,_,P, with lengths As;,, starting at A and ending at B. We 
choose any point (x, y,, Z) in the subare P,_,P, and let Toxy,, %, z%) be the unit tangent 
vector at the chosen point. The work W, done to move the object along the subarce P,_ ,P, is 
approximated by the tangential component of the force F(;,, , z,) times the arclength 
As, approximating the distance the object moves along the subarc (see Figure 16.16). The 
total work done in moving the object from point A to point B is then approximated by 
summing the work done along each of the subarcs, so 


W~ > Ww. = SD FOG Yer Ze) *° TOs Yer As. 
k=1 k=1 


For any subdivision of C into n subarcs, and for any choice of the points (4, yz, Zz) within 
each subarc, as n — 0O and As, — 0, these sums approach the line integral 


[eta 
Cc 


This is just the line integral of F along C, which defines the total work done. 


DEFINITION Let C be a smooth curve parametrized by r(‘),a S t S b, and F 
be a continuous force field over a region containing C. Then the work done in 
moving an object from the point A = r(a) to the point B = r(b) along C is 


b 
w= [rras= | For) Ft (4) 
Cc a 


The sign of the number we calculate with this integral depends on the direction in which 
the curve is traversed. If we reverse the direction of motion, then we reverse the direction 
of T in Figure 16.17 and change the sign of F + T and its integral. 

Using the notations we have presented, we can express the work integral in a variety 
of ways, depending upon what seems most suitable or convenient for a particular discus- 
sion. Table 16.2 shows five ways we can write the work integral in Equation (4). In the 
table, the field components M, N, and P are functions of the intermediate variables x, y, 
and z, which in turn are functions of the independent variable t along the curve C in the 
vector field. So along the curve, x = g(t), y = h(t), andz = k(t) with dx = g'(t)dt, 
dy = h'(t)dt, and dz = k'(t) dt. 


EXAMPLE 4 Find the work done by the force field F = (y — x?)i + (z — y?)j + 
(x — z*)k along the curve r(t) = tit+ Pj + Pk,0 <= ¢ < 1, from (0, 0, 0) to (J, 1, 1) 
(Figure 16.18). 
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TABLE 16.2 Different ways to write the work integral for F = Mi + Nj + Pk 
over the curve C:r(f) = g(Hi+ A(Dj + K(k, as ts b 


W= | F-T ds The definition 
Cc 
= | F-adr Vector differential form 
Cc 
” 
= / F- att Parametric vector evaluation 


b 
= / (Mg' (1) + Nh'(t) + Pk'(t)) dt Parametric scalar evaluation 


= i Mdx + Ndy + Pdz Scalar differential form 
(es 


Solution First we evaluate F on the curve r(f): 


Fe Ge x) @=7) + oo ok 


=(P —-P)i+ (P -— Aj t+ (¢ - Ok. Substitute x = 1, 
= y=PR,2=0. 
Then we find dr / dt, 
a = £ (i + Pj + Pk) =i + 21j + 37k. 


Finally, we find F - dr/drt and integrate from t = 0 tor = 1: 


F-— = [(# - “4)j + (¢ — &)k)]- (i + 2ej + 37k) 


(8 — *)(21) + (t — 1)(3f7) = 24 — 2P + 3h - 38. 
So, 


1 
Work = j (214 — 2P + 32 — 388) dt 
0 


ae eT ee ee 
E ae ae 97 |, 60° (| 


EXAMPLE 5 Find the work done by the force field F = xi + yj + zk in moving 
an object along the curve C parametrized by r(t) = cos (afi + Pj + sin (zk, 
O=s=r=l. 
Solution We begin by writing F along C as a function of f, 
F(r(t)) = cos (afi + Pj + sin (wt)k. 
Next we compute dr / dt, 
dr 


“oe sin (wt)i + 2tj + a cos (7k. 
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We then calculate the dot product, 
F(r(d)- a = —7 sin (mt) cos (wt) + 2 + mw sin (mf) cos(mt) = 2°. 


The work done is the line integral 
: dr a ee 
Pees 3 = 
| F(r() At dt | 2t° dt 5) | 2 Hi 


Flow Integrals and Circulation for Velocity Fields 


Suppose that F represents the velocity field of a fluid flowing through a region in space (a 
tidal basin or the turbine chamber of a hydroelectric generator, for example). Under these 
circumstances, the integral of F- T along a curve in the region gives the fluid’s flow along, 
or circulation around, the curve. For instance, the vector field in Figure 16.11 gives zero 
circulation around the unit circle in the plane. By contrast, the vector field in Figure 16.12 
gives a nonzero circulation around the unit circle. 


DEFINITIONS If r(t) parametrizes a smooth curve C in the domain of a continu- 
ous velocity field F, the flow along the curve from A = r(a) to B = r(b) is 


Flow = [eetas (5) 
Cc 


The integral is called a flow integral. If the curve starts and ends at the same 
point, so that A = B, the flow is called the circulation around the curve. 


The direction we travel along C matters. If we reverse the direction, then T is replaced 
by —T and the sign of the integral changes. We evaluate flow integrals the same way we 
evaluate work integrals. 


EXAMPLE 6 A fluid’s velocity field is F = xi + zj + yk. Find the flow along the 
helix r(f) = (cos fi + (sindj + tk,O StS 7/2. 


Solution We evaluate F on the curve, 
F = xi + zj + yk = (cos fi + tj + (sindk Substitute x = cos t,z = t,y = sint. 
and then find dr / dt: 


e = (-sin f)i + (cos Hj + k. 
Then we integrate F- (dr/dt) from t = 0 tot = m7 


F- a = (cos f)(—sin tf) + (f)(cos f) + (sin £)(1) 


= —sintcost + tcost + sint. 


So, 


t=b a/2 
Flow = / F- ar = i (—sint cost + tcost + sin ft) dt 
t 0 


_ | cos? t a es 7 1 wr 1 
-| 5) + rsine | = O+s, 7 +90 a) 2 Oo 


FIGURE 16.19 The vector field F and 
curve r(t) in Example 7. 


— Cy) 


Simple, Simple, 

not closed closed 
Not simple, Not simple, 

not closed closed 


FIGURE 16.20 Distinguishing curves 
that are simple or closed. Closed curves 
are also called loops. 
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EXAMPLE 7 Find the circulation of the field F = (x — y)i + xj around the circle 
r(t) = (cos Hi + (sinAj,O = t S 2m (Figure 16.19). 


Solution On the circle, F = (x — y)i + xj = (cost — sin Ai + (cos Aj, and 


= (sin f)i + (cos pj. 
Then 
F- & = —sintcost + sin? t + cos? t 
ee 
1 
gives 


27 27 
Circulation = / F- Lae = / (1 — sin tcos ft) dt 
0 0 


As Figure 16.19 suggests, a fluid with this velocity field is circulating counterclockwise 
around the circle, so the circulation is positive. |_| 


Flux Across a Simple Closed Plane Curve 


A curve in the xy-plane is simple if it does not cross itself (Figure 16.20). When a curve 
starts and ends at the same point, it is a closed curve or loop. To find the rate at which a 
fluid is entering or leaving a region enclosed by a smooth simple closed curve C in the xy- 
plane, we calculate the line integral over C of F-n, the scalar component of the fluid’s 
velocity field in the direction of the curve’s outward-pointing normal vector. We use only 
the normal component of F, while ignoring the tangential component, because the normal 
component leads to the flow across C. The value of this integral is the flux of F across C. 
Flux is Latin for flow, but many flux calculations involve no motion at all. If F were an 
electric field or a magnetic field, for instance, the integral of F +n is still called the flux of 
the field across C. 


DEFINITION If Cis a smooth simple closed curve in the domain of a continuous 
vector field F = M(x, y)i + N(x, y)j in the plane, and if n is the outward-point- 
ing unit normal vector on C, the flux of F across C is 


Flux of F across C = Je “nds. (6) 
Cc 


Notice the difference between flux and circulation. The flux of F across C is the line 
integral with respect to arc length of F-n, the scalar component of F in the direction of 
the outward normal. The circulation of F around C is the line integral with respect to arc 
length of F- T, the scalar component of F in the direction of the unit tangent vector. Flux 
is the integral of the normal component of F; circulation is the integral of the tangential 
component of F. In Section 16.6 we define flux across a surface. 

To evaluate the integral for flux in Equation (6), we begin with a smooth parametrization 


x = g(t), y= hd), ast=b, 
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N 


For clockwise motion, 
k X T points outward. 


kxT 


For counterclockwise 
motion, T X k points 
outward. 


TXk 


T 


FIGURE 16.21 To find an outward 
unit normal vector for a smooth simple 
curve C in the xy-plane that is traversed 
counterclockwise as ft increases, we take 
n = T X kK. For clockwise motion, we 
taken = k X T. 
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that traces the curve C exactly once as ¢ increases from a to b. We can find the outward 
unit normal vector n by crossing the curve’s unit tangent vector T with the vector k. But 
which order do we choose, T X k or k X T? Which one points outward? It depends on 
which way C is traversed as f increases. If the motion is clockwise, k  T points outward; 
if the motion is counterclockwise, T < k points outward (Figure 16.21). The usual choice 
is n = T X k, the choice that assumes counterclockwise motion. Thus, although the 
value of the integral in Equation (6) does not depend on which way C is traversed, the for- 
mulas we are about to derive for computing n and evaluating the integral assume counter- 
clockwise motion. 
In terms of components, 


If F = Mc, y)i + NG&, y)j, then 


dy d 
F-n = MG, y)z, — N@ NF. 


d 
[enas= [ (md -w 4) as = fp May ~ Na 
a é ds ds J 


We put a directed circle © on the last integral as a reminder that the integration around the 
closed curve C is to be in the counterclockwise direction. To evaluate this integral, we 
express M, dy, N, and dx in terms of the parameter ¢ and integrate from t = a to t = b. We 
do not need to know n or ds explicitly to find the flux. 


Hence, 


Calculating Flux Across a Smooth Closed Plane Curve 
(Flux of F = Mi + Nj across C) = f May ~ Nex (7) 
c 


The integral can be evaluated from any smooth parametrization x = g(p), 
y =h(), a = t S D, that traces C counterclockwise exactly once. 


EXAMPLE 8 Find the flux of F = (x — y)i + xj across the circle x7 + y* = 1 in 
the xy-plane. (The vector field and curve were shown previously in Figure 16.19.) 


Solution The parametrization r(t) = (cos fi + (sinfj,0 < t S 27, traces the circle 
counterclockwise exactly once. We can therefore use this parametrization in Equation (7). 
With 
M=x 
N=x = cost, 


sin ft, dy = d(sin t) = cos tdt 


dx = d(cos t) = —sin t dt, 


y = cost 


we find 


2Qar 
Flux pm dy — Nax = (cos? tf — sinf cos t + cos t sin f) dt Eq. (7) 
c 0 


QT Qa : ln 
| cos rar = f 1 + cos 2t 4, _ ; aad ae 
‘ 6 2 2 AW ile 


The flux of F across the circle is 77. Since the answer is positive, the net flow across the 
curve is outward. A net inward flow would have given a negative flux. a 
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Exercises 16.2. 


Vector Fields 
Find the gradient fields of the functions in Exercises 1-4. 


1. 
~ fay, 2 = Inv2? t+ y? + 2 


. g(%, yz) = e® — InQ@? + y) 


nan Bb w NY 


fey DJ=@+y4 2? 


» 8%, y, 2) = xy + yz + xz 
. Give a formula F = M(x, y)i + N(x, y)j for the vector field in the 


plane that has the property that F points toward the origin with 
magnitude inversely proportional to the square of the distance 
from (x, y) to the origin. (The field is not defined at (0, 0).) 


. Give a formula F = M(x, y)i + N(x, y)j for the vector field in the 


plane that has the properties that F = 0 at (0, 0) and that at any 
other point (a, b), F is tangent to the circle x7 + y> = a’? + Bb? 
and points in the clockwise direction with magnitude |F| = 


Va t+ be’. 


Line Integrals of Vector Fields 
In Exercises 7—12, find the line integrals of F from (0, 0, 0) to (1, 1, 1) 
over each of the following paths in the accompanying figure. 


11. 
12. 


a. The straight-line path Ci): r() = tit tj + tk, OS rs1 
b. The curved path C;: r(f) = i+ Pj +k, Orsi 


c. The path C; U C, consisting of the line segment from (0, 0, 0) 
to (1, 1, 0) followed by the segment from (1, 1, 0) to (1, 1, 1) 


F = 3yi + 2xj + 4ck 8. F = [1/(? + 1)]j 
F = Va -2xj + Vyk 10. F = xyi + yej + xzk 
3zgj +k 


F = (x2 
F=(y+ di+ (¢ + nj + a+ yk 


3x)i 


Line Integrals with Respect to x, y, and z 
In Exercises 13-16, find the line integrals along the given path C. 


13. J ee- dewhere Cx = ny = 214 l,forOs=ts3 
C 


14. | Savownere cx = ty=r,fol=<trs2 
ae 


15. : (x? + y?) dy, where C is given in the accompanying figure 
Cc 


16. 


17. 


18. 


967 


| Vx + y dx, where C is given in the accompanying figure 
c 


Along the curve r(f) = ti — j + ?k, 0 < t < 1, evaluate each 
of the following integrals. 


a. [oty-aa 
Cc 

Cc. [oty-on 
Cc 


Along the curve r(t) = (cos fi + (sin Aj 
evaluate each of the following integrals. 


a. [xa b. [xo 
é Cc 


b. fwty-ae 
Cc 


(cosnk,O = tS 7, 


c. / xyz dz 
G 


Work 
In Exercises 19-22, find the work done by F over the curve in the 
direction of increasing f. 


19, 


20. 


21. 


22. 


F = xyi + yj — yzk 
rf) =tit+ Pjt+rk, Osrsl 
F = 2yi + 3xjf + @ + yk 

r(t) = (cos Ai + (sin Dj 
F = zi+ xj + yk 


Osts27 


(t/6)k, 
r(t) = (sindi + (cosAj + tk, OS tS 27 
F = 62i + y*j + 12xk 
r(f) = (sin Di + (cos Hj + (t/6)k, 


Osts27 


Line Integrals in the Plane 


23. 


24. 


25. 


26. 


Evaluate I cry dx + (x + y)dy along the curve y = x? from 
(—1, 1) to (2, 4). 
Evaluate a ce — y) dx + (x + y) dy counterclockwise around 
the triangle with vertices (0, 0), (1, 0), and (0, 1). 


Evaluate i cF:Tds for the vector field F = xi — yj along 
the curve x = y’ from (4, 2) to (1,—1). 


Evaluate I c¥F-dr for the vector field F = yi — xj counter- 
clockwise along the unit circle x? + y* = 1 from (1, 0) to (0, 1). 
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Work, Circulation, and Flux in the Plane 


27. 


28. 


29. 


30. 


Work Find the work done by the force F = xyi + (y — x)j 
over the straight line from (1, 1) to (2, 3). 


Work Find the work done by the gradient of f(x, y) = (x + y)* 
counterclockwise around the circle x? + y? = 4 from (2, 0) to 
itself. 


Circulation and flux Find the circulation and flux of the fields 


F, = xi + yj and F, = -yi + xj 


around and across each of the following curves. 
QO=1t=29 


Osts 27 


a. The circle r(t) = (cos fi + (sin Dj, 
b. The ellipse r(t) = (cos fi + (4 sin Dj, 
Flux across a circle Find the flux of the fields 

F, = 2xi — 3yj F, = 2x1 + (« — y)j 


across the circle 


and 


r(t) = (acos fi + (asin dj, O0<ts<2n. 


In Exercises 31—34, find the circulation and flux of the field F around 
and across the closed semicircular path that consists of the semicircu- 
lar arch r,(t) = (acos fi + (asin f)j,0 = t = zw, followed by the 
line segment (tf) = ti,-a S t= a. 


31. 
33. 
35. 


36. 


37. 


38. 


F = xi+ yj 32. F = xi + yj 
F = —yi + xj 34. F=-yit+ xj 
Flow integrals Find the flow of the velocity field F= 


(x + yi — (x? + y?)j along each of the following paths from 
(1, 0) to (-1, 0) in the xy-plane. 


a. The upper half of the circle x7 + y? = 1 
b. The line segment from (1, 0) to (—1, 0) 


c. The line segment from (1, 0) to (0, —1) followed by the line 
segment from (0, —1) to (—1, 0) 


Flux across a triangle Find the flux of the field F in Exercise 
35 outward across the triangle with vertices (1, 0), (0, 1), (—1, 0). 


Find the flow of the velocity field F = y*i + 2xyj along each of 
the following paths from (0, 0) to (2, 4). 


a. y b. ¥ 


(2, 4) 


2 ; (0, 0) 2 


(0, 0) 


c. Use any path from (0, 0) to (2, 4) different from parts (a) 
and (b). 

Find the circulation of the field F = yi + (x + 2y)j around each 

of the following closed paths. 


a. y 


(-1, 1) d, 1) 


¢1,-) d,;=1) 


c. Use any closed path different from parts (a) and (b). 


Vector Fields in the Plane 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


Spin field Draw the spin field 
y x 


F i+ j 
Vx? + y? 


(see Figure 16.12) along with its horizontal and vertical compo- 
nents at a representative assortment of points on the circle 
rP+y=4, 
Radial field Draw the radial field 

F = xi + yj 


(see Figure 16.11) along with its horizontal and vertical compo- 
nents at a representative assortment of points on the circle 
P+ye=1, 

A field of tangent vectors 


a. Find a field G = P(x, y)i + Q(x, y)j in the xy-plane with the 
property that at any point (a, b) (0, 0), G is a vector of 
magnitude Va’ + b? tangent to the circle x + y? = 
a’ + b’ and pointing in the counterclockwise direction. (The 
field is undefined at (0, 0).) 


b. How is G related to the spin field F in Figure 16.12? 

A field of tangent vectors 

a. Find a field G = P(x, y)i + Q(x, y)j in the xy-plane with the 
property that at any point (a, b) ¥ (0, 0), G is a unit vector 
tangent to the circle x7 + y* = a? + b? and pointing in the 
clockwise direction. 

b. How is G related to the spin field F in Figure 16.12? 


Unit vectors pointing toward the origin Find a field F = 
M(x, y)i + N(x, y)j in the xy-plane with the property that at each 
point (x, y) ¥ (0,0), F is a unit vector pointing toward the ori- 
gin. (The field is undefined at (0, 0).) 

Two “central” fields Find a field F = M(x, y)i + NG, y)j in 
the xy-plane with the property that at each point (x, y) # (0, 0), F 
points toward the origin and |F| is (a) the distance from (x, y) to 


the origin, (b) inversely proportional to the distance from (x, y) to 
the origin. (The field is undefined at (0, 0).) 


Work and area Suppose that f(t) is differentiable and positive 
fora =t S b. Let C be the path r(t) = i+ fj, astra b, 
and F = yi. Is there any relation between the value of the work 


integral 
) F-dr 
c 


and the area of the region bounded by the f-axis, the graph of f, 
and the lines tf = a and t = b? Give reasons for your answer. 


Work done by a radial force with constant magnitude A 
particle moves along the smooth curve y = f(x) from (a, f(a)) to 
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(b, f(b)). The force moving the particle has constant magnitude k 
and always points away from the origin. Show that the work done 
by the force is 


[rte = kl (b? + (f(b)? - (2 + F@))!”]. 
Cc 


Flow Integrals in Space 

In Exercises 47—50, F is the velocity field of a fluid flowing through a 
region in space. Find the flow along the given curve in the direction of 
increasing t. 


47, F = —4xyi + 8yj + 2k 


rt)=ti+ Pj+k, OSts2 
48. F = x7i + yzj + y’k 
r(f) = 34) + 4tk, OS t= 1 


49, F = (x — zi + xk 
r(t) = (cos f)i + (sin Dk, 
50. F = —yi + xj + 2k 
r(t) = (-2cosAi + Qsindj + 2tk, OS tS 27 


51. Circulation Find the circulation of F = 2xi + 2zj + 2yk 
around the closed path consisting of the following three curves 
traversed in the direction of increasing f. 


0O=t=7 


C;: v(t) = (cos fi + (sindj + tk, OS tS 7/2 
CG: x(t) =j+ (7/20 — dk, O<tK<1 
Cc; rgj=tit+td-d)j, Osrsl 


z 7 
3 


x 


52. Zero circulation Let C be the ellipse in which the plane 
2x + 3y — z = 0 meets the cylinder x? + y* = 12. Show, with- 
out evaluating either line integral directly, that the circulation of 
the field F = xi + yj + zk around C in either direction is zero. 


53. Flow along a curve The field F = xyi + yj — yzk is the 
velocity field of a flow in space. Find the flow from (0, 0, 0) to 


(1, 1, 1) along the curve of intersection of the cylinder y = x? and 
the plane z = x. (Hint: Use t = x as the parameter.) 


>N 


x 


54. Flow ofa gradient field Find the flow of the field F = V(xy?z°): 


a. Once around the curve C in Exercise 52, clockwise as viewed 
from above 


b. Along the line segment from (1, 1, 1) to (2, 1,—1). 


COMPUTER EXPLORATIONS 
In Exercises 55-60, use a CAS to perform the following steps for 
finding the work done by force F over the given path: 


a. Find dr for the path r(t) = g(Oi + h(Dj + kk. 
b. Evaluate the force F along the path. 


c. Evaluate / F-dr. 
Cc 


55. F = xy°i + 3x(xy + 2)j; r() = (2cos Ai + (sin Dj, 
Osts27 

56. F = e i+ = js r@ = (cos di + (sin dj 

l¢+x2 1+y” 

Osts7 

57. F = (y + yzcos xyz)i + (x? + xz cos xyz)j + 
(z + xy cos xyz)k; r(t) = (2cos i + (3 sindj + k, 
Osts27 

58. F = 2xyi — y°f + zek; r() =-tit+ Vij + 3tk, 
{2724 


59. F = (2y + sinx)i + (22 + (1/3)cos y)j + x*k; 
r(f) = (sin fi + (cos Aj + (sin 2k, —7/2 StS 7/2 


60. F = (x’y)i + tl + xyk; r(t) = (cos Ai + (sin Dj 4 
(2sin?t -— Dk, Ot 20 


1 6.3 Path Independence, Conservative Fields, and Potential Functions 


A gravitational field G is a vector field that represents the effect of gravity at a point in 
space due to the presence of a massive object. The gravitational force on a body of mass m 
placed in the field is given by F = mG. Similarly, an electric field E is a vector field in 
space that represents the effect of electric forces on a charged particle placed within it. The 
force on a body of charge g placed in the field is given by F = gE. In gravitational and 
electric fields, the amount of work it takes to move a mass or charge from one point to 
another depends on the initial and final positions of the object—not on which path is taken 
between these positions. In this section we study vector fields with this property and the 
calculation of work integrals associated with them. 


970 


Chapter 16: Integrals and Vector Fields 


Path Independence 


If A and B are two points in an open region D in space, the line integral of F along C from 
A to B for a field F defined on D usually depends on the path C taken, as we saw in Sec- 
tion 16.1. For some special fields, however, the integral’s value is the same for all paths 
from A to B. 


DEFINITIONS Let F be a vector field defined on an open region D in space, and 
suppose that for any two points A and B in D the line integral i cF: dr along a 
path C from A to B in D is the same over all paths from A to B. Then the integral 
I cF : dr is path independent in D and the field F is conservative on D. 


The word conservative comes from physics, where it refers to fields in which the principle 
of conservation of energy holds. When a line integral is independent of the path C from 
point A to point B, we sometimes represent the integral by the symbol f rather than the 
usual line integral symbol I c: This substitution helps us remember the path-independence 
property. 

Under differentiability conditions normally met in practice, we will show that a field 
F is conservative if and only if it is the gradient field of a scalar function f—that is, if and 
only if F = Vf for some f. The function f then has a special name. 


DEFINITION If F is a vector field defined on D and F = Vf for some scalar 
function f on D, then f is called a potential function for F. 


A gravitational potential is a scalar function whose gradient field is a gravitational field, 
an electric potential is a scalar function whose gradient field is an electric field, and so on. 
As we will see, once we have found a potential function f for a field F, we can evaluate all 
the line integrals in the domain of F over any path between A and B by 


B B 
[raf Vf-dr = f(B) — f(A). (1) 
A A 


If you think of Vf for functions of several variables as analogous to the derivative f’ 
for functions of a single variable, then you see that Equation (1) is the vector calculus 
rendition of the Fundamental Theorem of Calculus formula (also called the Net Change 
Theorem) 


b 
; f'@) dx = f(b) — f@). 


Conservative fields have other important properties. For example, saying that F is 
conservative on D is equivalent to saying that the integral of F around every closed path in 
Dis zero. Certain conditions on the curves, fields, and domains must be satisfied for Equa- 
tion (1) to be valid. We discuss these conditions next. 


Assumptions on Curves, Vector Fields, and Domains 


In order for the computations and results we derive below to be valid, we must assume 
certain properties for the curves, surfaces, domains, and vector fields we consider. We give 
these assumptions in the statements of theorems, and they also apply to the examples and 
exercises unless otherwise stated. 

The curves we consider are piecewise smooth. Such curves are made up of finitely 
many smooth pieces connected end to end, as discussed in Section 13.1. We will treat vec- 
tor fields F whose components have continuous first partial derivatives. 


Simply connected 
>x 


>y 
Simply connected 


(b) 


x 


6 


Cc; 


Not simply connected 
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The domains D we consider are connected. For an open region, this means that any 
two points in D can be joined by a smooth curve that lies in the region. Some results also 
require D to be simply connected, which means that every loop in D can be contracted to a 
point in D without ever leaving D. The plane with a disk removed is a two-dimensional 
region that is not simply connected; a loop in the plane that goes around the disk cannot be 
contracted to a point without going into the “hole” left by the removed disk (see Figure 
16.22c). Similarly, if we remove a line from space, the remaining region D is not simply 
connected. A curve encircling the line cannot be shrunk to a point while remaining inside D. 

Connectivity and simple connectivity are not the same, and neither property implies 
the other. Think of connected regions as being in “one piece” and simply connected 
regions as not having any “loop-catching holes.” All of space itself is both connected and 
simply connected. Figure 16.22 illustrates some of these properties. 


Caution Some of the results in this chapter can fail to hold if applied to situations where 
the conditions we’ve imposed do not hold. In particular, the component test for conserva- 
tive fields, given later in this section, is not valid on domains that are not simply connected 
(see Example 5). We do not always require that a domain be simply connected, so the 
condition will be stated when needed. 


Line Integrals in Conservative Fields 


Gradient fields F are obtained by differentiating a scalar function f. A theorem analogous 
to the Fundamental Theorem of Calculus gives a way to evaluate the line integrals of gra- 
dient fields. 


THEOREM 1—Fundamental Theorem of Line Integrals = Let C be a smooth 
curve joining the point A to the point B in the plane or in space and parame- 
trized by r(t). Let f be a differentiable function with a continuous gradient vector 
F = Vf ona domain D containing C. Then 


[re = f(B) — f(A). 
Cc 


(c) 


Zz 
LN ea 
wa — a 

Ny 

i \ 

L wae / 

SS 7 
& 

ae yy 


1o) 
: >y 
Not simply connected 


(d) 


FIGURE 16.22 Four connected regions. 
In (a) and (b), the regions are simply 


x 


connected. In (c) and (d), the regions are 
not simply connected because the curves 
C, and C, cannot be contracted to a point 
inside the regions containing them. 


Like the Fundamental Theorem, Theorem 1 gives a way to evaluate line integrals 
without having to take limits of Riemann sums or finding the line integral by the proce- 
dure used in Section 16.2. Before proving Theorem 1, we give an example. 


EXAMPLE 1 Suppose the force field F = Vf is the gradient of the function 


1 
P+y+ 7 


f(% y, 2) = 


Find the work done by F in moving an object along a smooth curve C joining (1, 0, 0) to 
(0, 0, 2) that does not pass through the origin. 


Solution An application of Theorem | shows that the work done by F along any smooth 
curve C joining the two points and not passing through the origin is 


[ Feat = 10.0.2) - 40,0.) = ; Cil= 3. 7 
Cc 


The gravitational force due to a planet, and the electric force associated with a 
charged particle, can both be modeled by the field F given in Example | up to a constant 
that depends on the units of measurement. 
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FIGURE 16.23 The function f(x, y, z) 
in the proof of Theorem 2 is computed by 
a line integral I G F-dr = f(Bp) from A 
to Bo, plus a line integral Jt _F adr along 
a line segment L parallel to the x-axis and 
joining B, to B located at (x, y, z). The 
value of f at A is f(A) = 0. 


Proof of Theorem 1 Suppose that A and B are two points in region D and that 
C:r(t) = gi + h(Dj + kK(Dk, a = t S b, is a smooth curve in D joining A to B. In 
Section 14.5 we found that the derivative of a scalar function f along a path C is the dot 
product Vf(r(t)): r’(t), so we have 


B 
[rea fovea F=Vf 
Cc A 


= / : VF(r(t) + '(t) dt 


a 


b 
a | © fle() dt Eq. (7) of Section 14.5 
= f(r) — fa@) Net Change Theorem 
= f(B) — f(A). r(a) = A,r(b) = B | 


So we see from Theorem | that the line integral of a gradient field F = Vf is 
straightforward to compute once we know the function f. Many important vector fields 
arising in applications are indeed gradient fields. The next result, which follows from 
Theorem 1, shows that any conservative field is of this type. 


THEOREM 2—Conservative Fields are Gradient Fields Let F = Mi + Nj + Pk 
be a vector field whose components are continuous throughout an open connected 
region D in space. Then F is conservative if and only if F is a gradient field Vf for a 
differentiable function f. 


Theorem 2 says that F = Vf if and only if for any two points A and B in the region 
D, the value of line integral I cF : dr is independent of the path C joining A to B in D. 


Proof of Theorem 2 If F is a gradient field, then F = Vf for a differentiable function 
f, and Theorem 1 shows that A c F- dr = f(B) — f(A). The value of the line integral does 
not depend on C, but only on its endpoints A and B. So the line integral is path indepen- 
dent and F satisfies the definition of a conservative field. 

On the other hand, suppose that F is a conservative vector field. We want to find a 
function f on D satisfying Vf = F. First, pick a point A in D and set f(A) = 0. For any 
other point B in D define f(B) to equal I c¥F dr, where C is any smooth path in D from A 
to B. The value of f(B) does not depend on the choice of C, since F is conservative. To 
show that Vf = F we need to demonstrate that of /dx = M, of /ay = N, and of /dz = P 

Suppose that B has coordinates (x, y, z). By definition, the value of the function f at a 
nearby point Bo located at (xg, y, Z) is te F- dr, where C, is any path from A to By. We 
take a path C = Cy) UL from A to B formed by first traveling along Cp to arrive at By and 
then traveling along the line segment L from By to B (Figure 16.23). When Bo is close to 
B, the segment L lies in D and, since the value f(B) is independent of the path from A to B, 


fana= f Pear+ f P-de. 
ree L 
Differentiating, we have 


0 0 
fiona=2( [rar + [ rar). 


B B 
=C. 
C> o 
=> 
on C 
A 


FIGURE 16.24 If we have two paths 
from A to B, one of them can be reversed 


A 


to make a loop. 
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Only the last term on the right depends on x, so 


a = 2 : 
ay 1 YZ) =i [re dr. 


Now parametrize L as r(t) = ti + yj + zk, x) = ¢ S x. Then dr/dt = i, F-dr/dt = M, 
and h .Fdr = rk 7 M(t, y, z)dt. Differentiating then gives 


ps 

a F) 

af yD = a M(t, y, z) dt = M(x, y, z) 
Xo 


by the Fundamental Theorem of Calculus. The partial derivatives of /dy = N and df /dz = P 
follow similarly, showing that F = Vf. a 


EXAMPLE 2 Find the work done by the conservative field 
F = yzi + xzj + xyk = Vf, where f(x,y, z) = xz, 
along any smooth curve C joining the point A(— 1, 3, 9) to BC, 6, —4). 


Solution With f(x, y, z) = xyz, we have 


B 
F = Vf and path 
F-dr= | Vf-dr Ce 
. ‘ independence 


= f(B) — ftA) Theorem 1 


= xyzlae, -4) — xyz| 13.9) 


= (M@C4) — -)Q@) 
—24 + 27 = 3. | 


A very useful property of line integrals in conservative fields comes into play when the 
path of integration is a closed curve, or loop. We often use the notation $e for integration 
around a closed path (discussed with more detail in the next section). 


THEOREM 3—Loop Property of Conservative Fields The following statements 
are equivalent. 


1. $F -dr = 0 around every loop (that is, closed curve C) in D. 


2. The field F is conservative on D. 


Proof that Part 1 = Part 2 We want to show that for any two points A and B in D, 
the integral of F- dr has the same value over any two paths C, and C, from A to B. We 
reverse the direction on C, to make a path —C, from B to A (Figure 16.24). Together, C, 
and —C, make a closed loop C, and by assumption, 


[eae [a= [ras [ Fear= [ r-dr=0. 
Cc CQ, Cc —-C, Cc 


Thus, the integrals over C, and C, give the same value. Note that the definition of F+ dr 
shows that changing the direction along a curve reverses the sign of the line integral. 


1 


Cy “Cy 


A A 


FIGURE 16.25 If A and B lie ona loop, 
we can reverse part of the loop to make 
two paths from A to B. 
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Proof that Part 2 = Part 1 We want to show that the integral of F-dr is zero 
over any closed loop C. We pick two points A and B on C and use them to break C into two 
pieces: C; from A to B followed by C, from B back to A (Figure 16.25). Then 


B B 
predr= [pars f pear - [ Fedr— f F-dr = 0. |_| 
Z C G A A 


The following diagram summarizes the results of Theorems 2 and 3. 


Theorem 2 


F = Vf onD S 


Theorem 3 


F conservative ©S F-dr = 0 


on D fe 
over any loop in D 


Two questions arise: 


1. How do we know whether a given vector field F is conservative? 


2. If F is in fact conservative, how do we find a potential function f (so that F = Vf)? 


Finding Potentials for Conservative Fields 


The test for a vector field being conservative involves the equivalence of certain first 
partial derivatives of the field components. 


Component Test for Conservative Fields 


Let F = M(x, y, zhi + M(x, y, 2j + P(x, y, zk be a field on an open simply 
connected domain whose component functions have continuous first partial 
derivatives. Then, F is conservative if and only if 


OP _ ON OM _ oP 
dy dz’ dz OX’ 


oN _ 0M 
and a ay” (2) 


Proof that Equations (2) hold if F is conservative There is a potential function f 


such that 
, ; of, , of, . Of 
BME I ER ae aod ge 
Hence, 
ap __ a (af\ _ af 
dy dy\dz Oy OZ 
a: af Mixed Derivative Theorem, 
~ az oy Section 14.3 
_ 9 (of) _ aN 
dz \ oy Oz 
The others in Equations (2) are proved similarly. Oo 


The second half of the proof, that Equations (2) imply that F is conservative, is a con- 
sequence of Stokes’ Theorem, taken up in Section 16.7, and requires our assumption that 
the domain of F be simply connected. 
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Once we know that F is conservative, we usually want to find a potential function for 
F. This requires solving the equation Vf = F or 
Of. Gls , OF 


so ay ae ee 


for f. We accomplish this by integrating the three equations 


af_y &oy OL 


oe oy : ae 


as illustrated in the next example. 
EXAMPLE 3 Show that F = (e*cos y + yz)i + (xz — e* sin y)j + (xy + 2k is con- 
servative over its natural domain and find a potential function for it. 


Solution The natural domain of F is all of space, which is open and simply connected. 
We apply the test in Equations (2) to 


M = e‘cosy + yz, N = xz — e*siny, P=xy+z 
and calculate 
oF = git OM _soP ON _ esiesy Hs _ 0M 
oy 0z’ a ax’ Ox 7 8 oy” 


The partial derivatives are continuous, so these equalities tell us that F is conservative, so 
there is a function f with Vf = F (Theorem 2). 
We find f by integrating the equations 


af af . af 
ay COSY + YZ, ap ee sin, s =xt+z. (3) 


We integrate the first equation with respect to x, holding y and z fixed, to get 
f(x, y, z) = e*cos y + xyz + g(y, Z). 
We write the constant of integration as a function of y and z because its value may depend 


on y and z, though not on x. We then calculate af /dy from this equation and match it with 
the expression for of /dy in Equations (3). This gives 


0 
—e*siny + xz + 5X — e*siny, 


so dg/dy = 0. Therefore, g is a function of z alone, and 
f(x, y, 2) = e*cos y + xyz + A(z). 


We now calculate af /dz from this equation and match it to the formula for df /dz in Equa- 
tions (3). This gives 


dh _ 


xy + —=xy+ z, or = Z 
y Z y dz 


so 
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Hence, 
2 
f(x, y, Z) = e*cosy + xyz + 2 +, 
We found infinitely many potential functions of F, one for each value of C. a 


EXAMPLE 4 Show that F = (2x — 3)i — zj + (cos z)k is not conservative. 


Solution We apply the Component Test in Equations (2) and find immediately that 


aP_ a _ aN a _ 
a jy (COS z) = 0, ae ac! Zz) 1. 
The two are unequal, so F is not conservative. No further testing is required. | 


EXAMPLE 5 Show that the vector field 


SY 8 x 
~ 3 gI ta 
x+y Ke sr oy 


=j + 0k 


satisfies the equations in the Component Test, but is not conservative over its natural 
domain. Explain why this is possible. 


Solution We have M = —y/(x* + y*),N = x/(x? + y’), and P = 0. If we apply the 
Component Test, we find 


oP _, _@N @P_,y_M a OM y= _ ow 
oy Oz’ Ox Oz’ a oy (x2 + y?)? Ox" 


So it may appear that the field F passes the Component Test. However, the test assumes 
that the domain of F is simply connected, which is not the case here. Since x? + y? cannot 
equal zero, the natural domain is the complement of the z-axis and contains loops that can- 
not be contracted to a point. One such loop is the unit circle C in the xy-plane. The circle is 
parametrized by r(t) = (cos fi + (sinfj,0 = t = 27. This loop wraps around the 
z-axis and cannot be contracted to a point while staying within the complement of the 
z-axis. 

To show that F is not conservative, we compute the line integral : F: dr around the 
loop C. First we write the field in terms of the parameter rf: 

oo 2 ae —sin t , cos ¢ 


F = i+ = it j = (sin fi + (cos fj. 
e+ y x? + yi sin? t + cos? t dn? poet ¢ es dj 


Next we find dr/dt = (—sin fi + (cos fj, and then calculate the line integral as 


27 
p Fear = peta | (sin? ¢ + cos*r) dt = 2n. 
dt 6 
c Cc 


Since the line integral of F around the loop C is not zero, the field F is not conservative, by 
Theorem 3. The field F is displayed in Figure 16.28d in the next section. o 


Example 5 shows that the Component Test does not apply when the domain of the field 
is not simply connected. However, if we change the domain in the example so that it is 
restricted to the ball of radius | centered at the point (2, 2, 2), or to any similar ball-shaped 
region which does not contain a piece of the z-axis, then this new domain D is simply con- 
nected. Now the partial derivative Equations (2), as well as all the assumptions of the Com- 
ponent Test, are satisfied. In this new situation, the field F in Example 5 is conservative on D. 
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Just as we must be careful with a function when determining if it satisfies a property 
throughout its domain (like continuity or the Intermediate Value Property), so must we 
also be careful with a vector field in determining the properties it may or may not have 
over its assigned domain. 


Exact Differential Forms 


It is often convenient to express work and circulation integrals in the differential form 
[mact way + Pdz 
Cc 


discussed in Section 16.2. Such line integrals are relatively easy to evaluate if 
M dx + Ndy + P dz is the total differential of a function f and C is any path joining the 
two points from A to B. For then 


af of af 
Mdx + Ndy + Pdz= ay x + dy + =-dz 
. c Ox oy Oz 


B 
= | Vf-dr Vf is conservative. 
A 


= f(B) — f(A). Theorem | 
Thus, 


B 
i df = f(B) — f(A), 
A 


just as with differentiable functions of a single variable. 


DEFINITIONS Any expression M(x, y, z) dx + N(x, y, z) dy + P(x, y, z) dz is a 
differential form. A differential form is exact on a domain D in space if 


Mdx + Ndy+ Pd V4 ly +4 d 
ee: eax * ay age = of 


for some scalar function f throughout D. 


Notice that if M dx + Ndy + P dz = df onD, then F = Mi + Nj + Pk is the gra- 
dient field of f on D. Conversely, if F = Vf, then the form M dx + Ndy + P dz is exact. 
The test for the form’s being exact is therefore the same as the test for F being conservative. 


Component Test for Exactness of M dx + Ndy + Pdz 


The differential form M dx + Ndy + Pdz is exact on an open simply con- 
nected domain if and only if 


oP _ ON 0M _ oP oN _ 0M 
= = and = 


oy Oz’ Oz ox’ ox oy~ 


This is equivalent to saying that the field F = Mi + Nj + Pk is conservative. 
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EXAMPLE 6 Show that y dx + x dy + 4 dz is exact and evaluate the integral 


(2,3, -1) 
i ydx + xdy + 4dz 
(1) 


over any path from (1, 1, 1) to (2, 3,—1). 


Solution We let M = y, N = x, P = 4 and apply the Test for Exactness: 


These equalities tell us that y dx + x dy + 4 dz is exact, so 
ydx + xdy + 4dz = df 


for some function f, and the integral’s value is f(2,3,—1) — f(, 1, 1). 
We find f up to a constant by integrating the equations 


Of Of Of 
ax? dy a (4) 
From the first equation we get 
f(y, Z) = xy + gly, 2). 
The second equation tells us that 
of, Og Og _ 
ey ta or a 
Hence, g is a function of z alone, and 
f(@, y, Z) = xy + A(z). 
The third of Equations (4) tells us that 
Of dh _ _ 
a Ot a or h(z) = 4z + C. 


Therefore, 
f@y,2 =x + 4z24+C. 
The value of the line integral is independent of the path taken from (1, 1, 1) to (2, 3, —1), 


and equals 
f2,3,-l) - fd,1l,I)=2+C-6+4+0 =-3. Oo 

Testing for Conservative Fields 8 F=(Q + di+@+ dj) + @+ yk 
Which fields in Exercises 1-6 are conservative, and which are not? 9. F = &t(i + xj + 2xk) 

1. F = yzi + xzj + xyk 10. F = (ysin zi + (x sin z)j + (xycos z)k 

2. F = (y sin z)i + (x sin z)j + (xycos z)k 11. F = (nx + sec*(x + y))i 4 

3. F=yi+ @+ 2j — yk ( te day ee 2 ie z 

sec*(x 4 

4. F=-yi t+ xj WY Pte ~+2 
5. F= (z+ yi t+ zj + O + ok = y i+( i 2 is 

6. F = (e’cos y)i — (e* sin y)j + zk : 1+ ey" ALS xy? ' /]— pz us 

Finding Potential Functions ( y oi tk 
In Exercises 7-12, find a potential function f for the field F. Vi- ye < 


7. F = 2xi + 3yj + 4k 
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Exact Differential Forms 
In Exercises 13-17, show that the differential forms in the integrals 
are exact. Then evaluate the integrals. 


(2,3, -6) 
13. / 2x dx + 2y dy + 2zdz 
(0,0,0) 


(3,5,0) 
14. / yz dx + xz dy + xy dz 
(1,1,2) 


(1,2,3) 
15. j 2xy dx + (x? — 22) dy — 2yz dz 
(0,0,0) 


(33,1) 4 
16. 7 2x dx — y? dy — az 
(0,0,0) 1+z 


(0,1,1) 
17. sin ycos x dx + cos y sinx dy + dz 
(1,0,0) 


Finding Potential Functions to Evaluate Line Integrals 

Although they are not defined on all of space R’, the fields associated 
with Exercises 18—22 are conservative. Find a potential function for 
each field and evaluate the integrals as in Example 6. 


(1,7/2,2) 1 1 
18. / 2 cos ydx + (;- 2x sin) dy + sdz 
(0.2.1) y . 7 


(1,2,3) 2 
19. 3x? dx + dy + 2zIny dz 
(ALD y : 


(2,1,1) 5 
20. / (2x In y — yz) dx 4 (5 
( 


12,1) 


a 1 y 
a. f pax J (: *) dy — dz 
(1) y z 


(22.2) Ox dx + 2y dy + 2zdz 
22. 
(-1,-1,-1) 


xe + y? +2 
Applications and Examples 
23. Revisiting Example 6 Evaluate the integral 


x) dy — xy dz 


(2,3, 1) 
/ ydx + xdy + 4dz 
(4h) 


from Example 6 by finding parametric equations for the line seg- 
ment from (1, 1, 1) to (2, 3,—1) and evaluating the line integral 
of F = yi + xj + 4k along the segment. Since F is conservative, 
the integral is independent of the path. 


24. Evaluate 
[re + yzdy + (y?/2) dz 
é 
along the line segment C joining (0, 0, 0) to (0, 3, 4). 


Independence of path Show that the values of the integrals in 
Exercises 25 and 26 do not depend on the path taken from A to B. 

Bx dx + ydy+ zdz 
In Exercises 27 and 28, find a potential function for F. 


= 22 
a = 21+ (3 =i {@ y):y > 0} 
Z 


B 
25. i 2dx + 2ydy + 2xzdz 26. 
A 


28. F = (e‘Iny)i + ($ + sin Zi + (ycos z)k 


29. Work along different paths Find the work done by F = 
(x? + yi + G? + oj + ze*k over the following paths from 
(1, 0, 0) to (1, 0, 1). 
a. The line segment x = 1l,y=0,0=z=1 
b. The helix r(t) = (cos ji + (sin dj + (t/27)k,0 St S 27 
c. The x-axis from (1, 0, 0) to (0, 0, 0) followed by the parabola 
z = x’,y = 0 from (0, 0, 0) to (1, 0, 1) 


30. Work along different paths Find the work done by F = 
ea + (xze* + zcos y)j + (xye* + sin y)k over the following 
paths from (1, 0, 1) to (1, 77/2, 0). 


a. The line segment x = ly = wt/2,z=1-4051r51 


(5.9 


b. The line segment from (1, 0, 1) to the origin followed by the 
line segment from the origin to (1, 7/2, 0) 


(39 


c. The line segment from (1, 0, 1) to (1, 0, 0), followed by the 
x-axis from (1, 0, 0) to the origin, followed by the parabola 
y = mx?/2,z = 0 from there to (1, 7/2, 0) 
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Evaluating a work integral two ways Let F = V(x*y?) and 
let C be the path in the xy-plane from (—1, 1) to (1, 1) that con- 
sists of the line segment from (—1, 1) to (0, 0) followed by the 
line segment from (0, 0) to (1, 1). Evaluate IF - dr in two ways. 


34. 


Gradient of a line integral 
vative vector field and 


Suppose that F = Vf is a conser- 


a. Find parametrizations for the segments that make up C and 


evaluate the integral. 


b. Use f(x, y) = xy? as a potential function for F. 


Integral along different paths Evaluate the line integral 
Jats cos y dx — x’ sin y dy along the following paths C in the 


xy-plane. 


a. The parabola y = (x — 1)? from (1, 0) to (0, 1) 

b. The line segment from (—1, 7r) to (1, 0) 36 
c. The x-axis from (—1, 0) to (1, 0) 
d 


. The astroid r(t) = (cos? t)i + (sin3r)j, 0 <= t < 2a, coun- 
terclockwise from (1, 0) back to (1, 0) 


A” 


(—1,0) 


(x,y,z) 
B(x, Y, Z) = / Far. 
( 


0,0,0) 


Show that Vg = F. 


35. Path of least work You have been asked to find the path along 
which a force field F will perform the least work in moving a 
particle between two locations. A quick calculation on your part 
shows F to be conservative. How should you respond? Give rea- 
sons for your answer. 


. A revealing experiment By experiment, you find that a force 
field F performs only half as much work in moving an object 
along path C, from A to B as it does in moving the object along 
path C, from A to B. What can you conclude about F? Give rea- 
sons for your answer. 


37. Work by a constant force Show that the work done by a con- 
stant force field F = ai + bj + ck in moving a particle along 
any path from A to Bis W = F- AB. 


(1, 0) 38. Gravitational field 
> 


(0, —1) 


a. Exact differential form How are the constants a, b, and c 
related if the following differential form is exact? 


a. Find a potential function for the gravitational field 


r cong xi + yj + zk 
= mM. 
(x? + y? + 22)3/2 


(G, m, and M are constants). 


b. Let P, and P, be points at distance s, and s, from the origin. 
Show that the work done by the gravitational field in part (a) 


(ay? + 2czx) dx + y(bx + cz) dy 


+ (ay? + ex?) dz ; : ; 
in moving a particle from P, to P, is 


b. Gradient field For what values of b and c will 


F = (yj? + 2czx)i + y(bx 
be a gradient field? 


j+ (y 


2 1 1 
cx )k cnu( t = +) 


1 6.4 Green’s Theorem in the Plane 


If F is a conservative field, then we know F = Vf for a differentiable function f, and we 
can calculate the line integral of F over any path C joining point A to B as 
i cF-dr = f(B) — f(A). In this section we derive a method for computing a work or flux 
integral over a closed curve C in the plane when the field F is not conservative. This 
method comes from Green’s Theorem, which allows us to convert the line integral into a 
double integral over the region enclosed by C. 

The discussion is given in terms of velocity fields of fluid flows (a fluid is a liquid or 
a gas) because they are easy to visualize. However, Green’s Theorem applies to any vector 
field, independent of any particular interpretation of the field, provided the assumptions of 
the theorem are satisfied. We introduce two new ideas for Green’s Theorem: circulation 
density around an axis perpendicular to the plane and divergence (or flux density). 


Spin Around an Axis: The k-Component of Curl 


Suppose that F(x, y) = M(, y)i + N(x, y)j is the velocity field of a fluid flowing in the 
plane and that the first partial derivatives of M and WN are continuous at each point of a 
region R. Let (x, y) be a point in R and let A be a small rectangle with one corner at (x, y) 
that, along with its interior, lies entirely in R. The sides of the rectangle, parallel to the 
coordinate axes, have lengths of Ax and Ay. Assume that the components M and N do not 
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(x, y + Ay) (x + Ax, y + Ay) 


F-(-i) <0 


Ay 
F-j>0 
(x, y) (x + Ax, y) 
P Ax >| 


FIGURE 16.26 The rate at which a fluid flows along the bottom edge of a 
rectangular region A in the direction i is approximately F(x, y):i Ax, which 
is positive for the vector field F shown here. To approximate the rate of 
circulation at the point (x, y), we calculate the (approximate) flow rates along 
each edge in the directions of the red arrows, sum these rates, and then divide 
the sum by the area of A. Taking the limit as Ax > 0 and Ay — 0 gives the 
rate of the circulation per unit area. 


change sign throughout a small region containing the rectangle A. The first idea we use to 
convey Green’s Theorem quantifies the rate at which a floating paddle wheel, with axis 
perpendicular to the plane, spins at a point in a fluid flowing in a plane region. This idea 
gives some sense of how the fluid is circulating around axes located at different points and 
perpendicular to the region. Physicists sometimes refer to this as the circulation density of 
a vector field F at a point. To obtain it, we consider the velocity field 


Fa, y) = MG, yi + Nx, yj 


and the rectangle A in Figure 16.26 (where we assume both components of F are positive). 
The circulation rate of F around the boundary of A is the sum of flow rates along the 
sides in the tangential direction. For the bottom edge, the flow rate is approximately 


Fx, y)* i Ax = MQ, y)Ax. 


This is the scalar component of the velocity F(x, y) in the tangent direction i times the 
length of the segment. The flow rates may be positive or negative depending on the compo- 
nents of F. We approximate the net circulation rate around the rectangular boundary of A by 
summing the flow rates along the four edges as defined by the following dot products. 


Top: Fix, y + Ay)+ (-i) Ax = —M(x, y + Ay)Ax 
Bottom: Fo, y)* i Ax = MQ, y)Ax 

Right: Fa + Ax, y)*j Ay = Max t+ Ax, y)Ay 
Left F(x, y) + (-j) Ay = —N@, y)Ay 


We sum opposite pairs to get 
0M 
Top and bottom: —(M(x, y + Ay) — M(x, y))Ax = — we Ax 


Right and left: (N@& + Ax,y) — N(x, y))Ay (Waray. 
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Vertical axis 


KP d5 


Curl F (x9, yp) *k > 0 
Counterclockwise circulation 


Vertical axis 


KE CID 


Curl F (x9, yo) *k <0 
Clockwise circulation 


FIGURE 16.27 In the flow of an 
incompressible fluid over a plane region, 
the k-component of the curl measures 

the rate of the fluid’s rotation at a point. 
The k-component of the curl is positive 

at points where the rotation is counter- 
clockwise and negative where the rotation 
is clockwise. 


Adding these last two equations gives the net circulation rate relative to the counterclock- 
wise orientation, 


Circulation rate around rectangle ~ (x a att Ay. 


We now divide by Ax Ay to estimate the circulation rate per unit area or circulation den- 
sity for the rectangle: 


Circulation around rectangle ON 0M 
rectangle area ~ ax Oy’ 


We let Ax and Ay approach zero to define the circulation density of F at the point (x, y). 

If we see a counterclockwise rotation looking downward onto the xy-plane from the 
tip of the unit k vector, then the circulation density is positive (Figure 16.27). The value of 
the circulation density is the k-component of a more general circulation vector field we 
define in Section 16.7, called the curl of the vector field F. For Green’s Theorem, we need 
only this k-component, obtained by taking the dot product of curl F with k. 


DEFINITION The circulation density of a vector field F = Mi + Nj at the 
point (x, y) is the scalar expression 


ON _ 0M 

ox oy’ vi) 
This expression is also called the k-component of the curl, denoted by 
(curl F) « k. 


If water is moving about a region in the xy-plane in a thin layer, then the k-component 
of the curl at a point (x9, yo) gives a way to measure how fast and in what direction a 
small paddle wheel spins if it is put into the water at (xp, yo) with its axis perpendicular to 
the plane, parallel to k (Figure 16.27). Looking downward onto the xy-plane, it spins 
counterclockwise when (curl F) « k is positive and clockwise when the k-component is 
negative. 


EXAMPLE 1 The following vector fields represent the velocity of a gas flowing in 
the xy-plane. Find the circulation density of each vector field and interpret its physical 
meaning Figure 16.28 displays the vector fields. 
(a) Uniform expansion or compression: F(x, y) = cxi + cyj 
(b) Uniform rotation: F(x, y) = —cyi + cxj 
(c) Shearing flow: F(x, y) = yi 
= ae x 
+ 
e+ y r+ y 


(d) Whirlpool effect: F(x, y) = j 


Solution 


(a) Uniform expansion: (curl F)+k = s (cy) é (cx) = 0. The gas is not circulating 
at very small scales. - 
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SW\ELZZ pes 
NWA YAN 
aoe wee 
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(a) 


A A 
= * = x x y 
> " . " 
> > > Fs 
> ie > > , 7 - ~ ‘ 2 
a i i se 
as Ns - : 
ig i = ig 
’ 1 I% 4 : 
= 25 = =e 
s pe * es 
ag >Xx 
= | SO 
<= = = es ’ 1 oy r ‘ 
“ 4 Pe « 
“ i 4 “ 
P Ss re “ 
“4 x ~ 
“ “ * < aa 4 4 
< « “ « 
—— ES Sa 
a ~ » , y 4 


(d) 


(c) 
FIGURE 16.28 Velocity fields of a gas flowing in the plane (Example 1) 


(b) Rotation: (curl F) +k = 2 (cx) é (—cy) = 2c. The constant circulation density 


indicates rotation at every point. If c > 0, the rotation is counterclockwise; if c < 0, 


the rotation is clockwise. 
(c) Shear: (curl F)*k = 2 (y) = —1. The circulation density is constant and negative, 


(d) Whirlpool: 


FIGURE 16.29 A shearing flow pushes 
the fluid clockwise around each point 


(Example Ic). 


so a paddle wheel floating in water undergoing such a shearing flow spins clockwise. 
The rate of rotation is the same at each point. The average effect of the fluid flow is to 


push fluid clockwise around each of small circles shown in Figure 16.29. 


2 y? — x? 


(x2 + yy? 


2 
0 x Cd) =v yO 
1F)*k = = = 
con) ax (3 + 5) dy (3 s 3) (x? + 3)? 
The circulation density is 0 at every point away from the origin (where the vector field 


is undefined and the whirlpool effect is taking place), and the gas is not circulating at 
| 


any point for which the vector field is defined. 


One form of Green’s Theorem tells us how circulation density can be used to calculate 
the line integral for flow in the xy-plane. (The flow integral was defined in Section 16.2.) A 
second form of the theorem tells us how we can calculate the flux integral from flux 
density. We define this idea next, and then we present both versions of the theorem. 


Divergence 

Consider again the velocity field F(x, y) = M(x, y)i + N(x, y)j in a domain containing the 
rectangle A, as shown in Figure 16.30. As before, we assume the field components do not 
change sign throughout a small region containing the rectangle A. Our interest now is to 


determine the rate at which the fluid leaves A. 
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(x, y + Ay) a (x + Ax, y + Ay) 


F(, y) 


F-(—j) <0 
(x, y) vy (x + Ax, y) 
|. Ax | 


FIGURE 16.30 The rate at which the fluid leaves the rectangular region A 
across the bottom edge in the direction of the outward normal —j is approximately 
F(x, y) + (—j) Ax, which is negative for the vector field F shown here. To 
approximate the flow rate at the point (x, y), we calculate the (approximate) flow 
rates across each edge in the directions of the red arrows, sum these rates, and 
then divide the sum by the area of A. Taking the limit as Ax > 0 and Ay > 0 
gives the flow rate per unit area. 


The rate at which fluid leaves the rectangle across the bottom edge is approximately 
(Figure 16.30) 


F(x, y) * (—j) Ax = —NG@, y)Ax. 


This is the scalar component of the velocity at (x, y) in the direction of the outward normal 
times the length of the segment. If the velocity is in meters per second, for example, the 
flow rate will be in meters per second times meters or square meters per second. The rates 
at which the fluid crosses the other three sides in the directions of their outward normals 
can be estimated in a similar way. The flow rates may be positive or negative depending on 
the signs of the components of F. We approximate the net flow rate across the rectangular 
boundary of A by summing the flow rates across the four edges as defined by the follow- 
ing dot products. 


Fluid Flow Rates: — Top: Fa, y + Ay)+j Ax = Max, y + Ay)Ax 
Bottom: F(x, y) * (-j) Ax = —M(x, y)Ax 
Right: Fa + Ax, y)*iAy = M(x + Ax, y)Ay 
Left: F(x, y) * (-i) Ay = —M@, y)Ay 


Summing opposite pairs gives 
oN 
Top and bottom: (N(x, y + Ay) — M(x, y))Ax = (Way Jax 
: oM 
Right and left: (M(x + Ax, y) — Mix, y))Ay = (aar)ay 
Adding these last two equations gives the net effect of the flow rates, or the 
0M . ON 


Flux across rectangle boundary ~ (i + x) AxAy. 


Source: div F (x9, yo) > 0 


A gas expanding 
at the point (x9, yo) 


we 
YAN 


Sink: div F (x9, yo) < 0 


A gas compressing 
at the point (x9, yg) 


Na 
Va 


FIGURE 16.31 Ifa gas is expanding at 
a point (Xp, yo), the lines of flow have posi- 
tive divergence; if the gas is compressing, 
the divergence is negative. 
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We now divide by AxAy to estimate the total flux per unit area or flux density for the 
rectangle: 


Flux across rectangle boundary (a an) 


+ 
rectangle area Ox oy 


Finally, we let Ax and Ay approach zero to define the flux density of F at the point (x, y). 
In mathematics, we call the flux density the divergence of F. The symbol for it is div F, 
pronounced “divergence of F” or “div F.” 


DEFINITION The divergence (flux density) of a vector field F = Mi + Nj at 
the point (x, y) is 


p= OM, aN 
div F = ax + ay" (2) 


A gas is compressible, unlike a liquid, and the divergence of its velocity field mea- 
sures to what extent it is expanding or compressing at each point. Intuitively, if a gas is 
expanding at the point (x9, yo), the lines of flow would diverge there (hence the name) and, 
since the gas would be flowing out of a small rectangle about (x, yo), the divergence of F 
at (Xp, yo) would be positive. If the gas were compressing instead of expanding, the diver- 
gence would be negative (Figure 16.31). 


EXAMPLE 2 Find the divergence, and interpret what it means, for each vector field 
in Example | representing the velocity of a gas flowing in the xy-plane. 

Solution 

(a) div F = Z (cx) + 5 (cy) = 2c: Ifc > 0, the gas is undergoing uniform expansion; 


if c < 0, it is undergoing uniform compression. 


(b) div F & (—cy) + . (cx) = 0: The gas is neither expanding nor compressing. 


(c) div F = :. (y) = 0: The gas is neither expanding nor compressing. 


af 7y a x 2xy axy ae 
aa is ~ 3) * He ~ 3) “G+ 9 G+ 52 eam te 


divergence is zero at all points in the domain of the velocity field. | 


Cases (b), (c), and (d) of Figure 16.28 are plausible models for the two-dimensional 
flow of a liquid. In fluid dynamics, when the velocity field of a flowing liquid always has 
divergence equal to zero, as in those cases, the liquid is said to be incompressible. 


Two Forms for Green’s Theorem 


We introduced the notation $ in Section 16.3 for integration around a closed curve. We 
c 


elaborate further on the notation here. A simple closed curve C can be traversed in two 
possible directions. (Recall that a curve is simple if it does not cross itself.) The curve is 
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traversed counterclockwise, and said to be positively oriented, if the region it encloses is 
always to the left of an object as it moves along the path. Otherwise it is traversed clock- 
wise and negatively oriented. The line integral of a vector field F along C reverses sign if 
we change the orientation. We use the notation 


Fo. y)-dr 


Cc 


for the line integral when the simple closed curve C is traversed counterclockwise, with its 
positive orientation. 

In one form, Green’s Theorem says that the counterclockwise circulation of a vector 
field around a simple closed curve is the double integral of the k-component of the curl of 
the field over the region enclosed by the curve. Recall the defining Equation (5) for circu- 
lation in Section 16.2. 


THEOREM 4—Green’s Theorem (Circulation-Curl or Tangential Form) Let C 
be a piecewise smooth, simple closed curve enclosing a region R in the plane. 
Let F = Mi + Nj bea vector field with M and N having continuous first partial 
derivatives in an open region containing R. Then the counterclockwise circula- 
tion of F around C equals the double integral of (curl F)-k over R. 


_ _ [ff (an _ am 
prvas= pmac+nayr= ff (e MA) ad (3) 
c R 


Cc 
Counterclockwise circulation Curl integral 


A second form of Green’s Theorem says that the outward flux of a vector field across a 
simple closed curve in the plane equals the double integral of the divergence of the field 
over the region enclosed by the curve. Recall the formulas for flux in Equations (6) and 
(7) in Section 16.2. 


THEOREM 5—Green’s Theorem (Flux-Divergence or Normal Form) Let C 
be a piecewise smooth, simple closed curve enclosing a region R in the plane. 
Let F = Mi + Nj bea vector field with M and N having continuous first partial 
derivatives in an open region containing R. Then the outward flux of F across C 
equals the double integral of div F over the region R enclosed by C. 


= = = oM , oN 
pronds = pay Ndx = Hic + W) decay (4) 
c R 


Cc 
Outward flux Divergence integral 


The two forms of Green’s Theorem are equivalent. Applying Equation (3) to the field 
G, = —Ni + Mj gives Equation (4), and applying Equation (4) to G; = Ni — Mj gives 
Equation (3). 

Both forms of Green’s Theorem can be viewed as two-dimensional generalizations of 
the Net Change Theorem in Section 5.4. The counterclockwise circulation of F around C, 
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defined by the line integral on the left-hand side of Equation (3), is the integral of its rate 
of change (circulation density) over the region R enclosed by C, which is the double inte- 
gral on the right-hand side of Equation (3). Likewise, the outward flux of F across C, 
defined by the line integral on the left-hand side of Equation (4), is the integral of its rate 
of change (flux density) over the region R enclosed by C, which is the double integral on 
the right-hand side of Equation (4). 


EXAMPLE 3 Verify both forms of Green’s Theorem for the vector field 
F(x, y) = (« — y)i + aj 
and the region R bounded by the unit circle 
C: r(t) = (cosAi + (sindj, OS t S 27. 


Solution Evaluating F(r(t)) and computing the partial derivatives of the components of 


F, we have 
M=cost-— sint, dx = d(cos t) = —sin t dt, 
N = cost, dy = d(sint) = cos t dt, 
OM _ OM _ 1 ON _ 1 ON _ 0 
Ox , oy : ox : oy , 


The two sides of Equation (3) are 


t=27 
ou dx + Ndy = i (cos tf — sin t)(—sin t dt) + (cos f)(cos t dt) 
t=0 

G 


2a 
= (-sintcost + 1) dt = 27 


0 
{@ amt) dx dy = ic — C1) de dy 
R R 


=2 | dx dy = 2(area inside the unit circle) = 277. 


FIGURE 16.32 The vector field in Figure 16.32 displays the vector field and circulation around C. 
Example 3 has a counterclockwise The two sides of Equation (4) are 
circulation of 27 around the unit circle. 


=0 


Qa 
-f cos*tdt = 7 
0 
OM , ON 
Hic + Ww) aedy = |[o + 0) dx dy 
R R 
= Jfaa=e a 
R 


t=27 
ou dy — Ndx = : (cos t — sin f)(cos t dt) — (cos f)(—sin t dt) 
cs 
c 
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Using Green’s Theorem to Evaluate Line Integrals 


If we construct a closed curve C by piecing together a number of different curves end to 
end, the process of evaluating a line integral over C can be lengthy because there are so 
many different integrals to evaluate. If C bounds a region R to which Green’s Theorem 
applies, however, we can use Green’s Theorem to change the line integral around C into 
one double integral over R. 


EXAMPLE 4 Evaluate the line integral 


po dy — y’ dx, 


Cc 


where C is the square cut from the first quadrant by the lines x = | and y = 1. 


Solution We can use either form of Green’s Theorem to change the line integral into a 
double integral over the square, where C is the square’s boundary and R is its interior. 


1. With the Tangential Form Equation (3): Taking M = —y* and N = xy gives the 


result: 
1 pl 
pax + xy dy = J[o — (-2y)) dx dy = | / 3y dx dy 
Z fi 0 Jo 
1 x=1 | 1 
3 3 
= 2xy| dy = / 3y dy = | =>. 
/ | x=0 0 2° |o 2 


2. With the Normal Form Equation (4): Taking M = xy, N = y’, gives the same result: 


paras var= fo + a aray = 3. a 
Cc R 


EXAMPLE 5 Calculate the outward flux of the vector field F(x, y) = 2e°i + y'j 
across the square bounded by the lines x = +1 andy = +1. 


Solution Calculating the flux with a line integral would take four integrations, one for 
each side of the square. With Green’s Theorem, we can change the line integral to one 
double integral. With M = 2e,N = y*, C the square, and R the square’s interior, we 


have 
Flux = pred = pus = Ndx 


I (2tt w) dx dy Green’s Theorem, Eq. (4) 
1 pl 1 x=1 

/ / (2ye” + 3y?) dx dy = / [20° a 2a" dy 
-lJ-1 —l x=-1 


: 1 
7 / (2e” + 6y? — 2e%) dy = 2. + Dy > 22>| = 4, a 
—1 


>< 


P(x, fp) 


0 


FIGURE 16.33 The boundary curve C 
is made up of C;, the graph of y = f(x), 
and C), the graph of y = f(x). 


Cy: x = g8y(y) 


Q>(82(y), y) 


> X 


0 


FIGURE 16.34 The boundary curve C 
is made up of C}, the graph of x = g,(y), 


and C5, the graph of x = g,(y). 
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Proof of Green’s Theorem for Special Regions 


Let C be a smooth simple closed curve in the xy-plane with the property that lines parallel 
to the axes cut it at no more than two points. Let R be the region enclosed by C and sup- 
pose that M, N, and their first partial derivatives are continuous at every point of some 
open region containing C and R. We want to prove the circulation-curl form of Green’s 


Theorem, 
ON 0M 
pM ax + Nay = fe Me) aay (5) 
C R 


Figure 16.33 shows C made up of two directed parts: 


C:: y=fi@, as=x=b, Cc: y=f1x), bD2x=2a. 
For any x between a and b, we can integrate dM/dy with respect to y from y = f,(x) to 


y = f2(x) and obtain 


P20) ave Y=fr) 

/ oy Y= MG, »| = M(x, fo(x)) — MG, fio). 
fo Y y=filo) 

We can then integrate this with respect to x from a to b: 


b P.O) ayy b 
/ / May ax = / [ M(x, fo(x)) — MCx, fio) ] dx 
adf 


1(X) a 


a b 
= / M(x, f2(x)) dx — / M(x, fi(x)) dx 
b a 


T 
| 
SS 
& 
| 
SS 
> 


Therefore, reversing the order of the equations, we have 


pmax = | (-24) dx dy. (6) 
C R 


Equation (6) is half the result we need for Equation (5). We derive the other half by 
integrating dN /dx first with respect to x and then with respect to y, as suggested by Fig- 
ure 16.34. This shows the curve C of Figure 16.33 decomposed into the two directed 
parts Ci: x = g\(y), d= y = cand Ci: x = g(y),c = y = d. The result of this double 


integration is 
_ [fan 
one = i ax dx dy. (7) 
G R 


Summing Equations (6) and (7) gives Equation (5). This concludes the proof. | | 


Green’s Theorem also holds for more general regions, such as those shown in Figure 
16.35, but we will not prove this result here. Notice that the region in Figure 16.35(c) is 
not simply connected. The curves C, and C; on its boundary are oriented so that the 
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region R is always on the left-hand side as the curves are traversed in the directions shown, 
and cancelation occurs over common boundary arcs traversed in opposite directions. With 
this convention, Green’s Theorem is valid for regions that are not simply connected. 


y 


> xX 


(a) 


> Xx 


a b 
(b) 


FIGURE 16.35 Other regions to which Green’s Theorem applies. In (c) the axes convert the region into four simply 


connected regions, and we sum the line integrals along the oriented boundaries. 


Exercises 16.4 | 


Verifying Green’s Theorem 

In Exercises 1—4, verify the conclusion of Green’s Theorem by evaluat- 
ing both sides of Equations (3) and (4) for the field F = Mi + Nj. Take 
the domains of integration in each case to be the disk R: x? + y* < a? 
and its bounding circle C: r = (acos t)i + (asin f)j,0 = t S 277. 


1. F =—yi + xj 2. F = yi 
3. F = 2xi — 3yj 4. F =—-xyi + wj 


Circulation and Flux 
In Exercises 5—14, use Green’s Theorem to find the counterclockwise 
circulation and outward flux for the field F and curve C. 


5. F = (x — yi + (y — xj 
C: The square bounded by x = 0,x = ly =0,y = 1 
6. F = (x72 + 4y)i + (x + y?)j 
C: The square bounded by x = 0,x = ly =0,y = 1 
7. F=(y -—x)it (0°? + yj 
C: The triangle bounded by y = 0,x = 3, and y = x 
8 F=(x+ yi - (x? + yj 
C: The triangle bounded by y = 0,x = 1, and y = x 
9. F = (xy + y)it+ & -— yj 10. F = ( + 3y)i + (2x — yj 


(0, 0) 


11. 


13. 


14. 


15. 


16. 


17. 


F = y+ sry 12. F= 


>< 
>< 


F = (x + e’siny)i + (x + e*cos y)j 
C: The right-hand loop of the lemniscate r? = cos 20 


F = (on zi + In(x? + y?)j 


C: The boundary of the region defined by the polar coordinate 
inequalities 1 =r=2,0505 7 

Find the counterclockwise circulation and outward flux of the 
field F = xyi + y’j around and over the boundary of the region 
enclosed by the curves y = x” and y = x in the first quadrant. 


Find the counterclockwise circulation and the outward flux of the 
field F = (—sin y)i + («cos y)j around and over the square cut 
from the first quadrant by the lines x = 7/2 and y = 77/2. 


Find the outward flux of the field 


x \s “y.\3 
F= (20 5) + (eX + tan! y)j 


across the cardioid r = a(1 + cos @),a > 0. 


18. Find the counterclockwise circulation of F = (y + e*Iny)it+ 
(e*/y)j around the boundary of the region that is bounded above 
by the curve y = 3 — x” and below by the curve y = x* + 1. 


Work 
In Exercises 19 and 20, find the work done by F in moving a particle 
once counterclockwise around the given curve. 


19. F = 2xy4i + 4x°y7j 
C: The boundary of the “triangular” region in the first quadrant 
enclosed by the x-axis, the line x = 1, and the curve y = x? 

20. F = (4x — 2y)i + (2x — 4y)j 
C: The circle (x — 2)? + (y 


Using Green’s Theorem 
Apply Green’s Theorem to evaluate the integrals in Exercises 21-24. 


21. ¢ (y? dx + x? dy) 
c 


ar=4 


C: The triangle bounded by x = 0,x + y = ly =0 


22. poy dx + 2x dy) 
c 


C: The boundary of O= x = 7,0 =y S sinx 


23. po + x) dx + (y + 2x) dy 
c 


C: The circle (x — 2)? + (y — 3? =4 

24. fac + y*) dx + (2xy + 3y) dy 
c 
C: Any simple closed curve in the plane for which Green’s Theo- 
rem holds 


Calculating Area with Green’s Theorem If a simple closed curve 
C in the plane and the region R it encloses satisfy the hypotheses of 
Green’s Theorem, the area of R is given by 


Green’s Theorem Area Formula 


Area of R = spa — ydx 
a 


The reason is that by Equation (4), run backward, 


Jfea- Gree 
R R 

1 1 
pyrd ~ ay dx. 


C 


Area of R 


ll 


Use the Green’s Theorem area formula given above to find the areas 
of the regions enclosed by the curves in Exercises 25—28. 
25. The circle r(t) = (acosHi+ (asindj, OS ts 27 


26. The ellipse r(t) = (acosf*i + (bsinpj, OS tS 27 


27. 
28. 
29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 
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16.4 Green’s Theorem in the Plane 


The astroid r(f) = (cos*t)i + (sin?s)j, OS tS 27 


One arch of the cycloid x = ¢ — sint, y = 1 — cost 


Let C be the boundary of a region on which Green’s Theorem 
holds. Use Green’s Theorem to calculate 


a. $ foo dx + g(y) dy 
ey 


b. pro dx + hx dy (k and h constants). 
c 


Integral dependent only on area Show that the value of 
px’ dx + (xy + 2x) dy 
(os 


around any square depends only on the area of the square and not 
on its location in the plane. 


Evaluate the integral 


pars dx + x* dy 
c 
for any closed path C. 


Evaluate the integral 


py dy + x3 dx 


c 
for any closed path C. 


Area as a line integral Show that if R is a region in the plane 
bounded by a piecewise smooth, simple closed curve C, then 


Area of R = pra = — pra 


c c 
Definite integral as a line integral Suppose that a nonnegative 
function y = f(x) has a continuous first derivative on [ a,b]. Let 
C be the boundary of the region in the xy-plane that is bounded 
below by the x-axis, above by the graph of f, and on the sides by 
the lines x = a and x = b. Show that 


b 
f(@®) dx = — pr dx. 
a c 
Area and the centroid Let A be the area and x the x-coordinate 
of the centroid of a region R that is bounded by a piecewise 
smooth, simple closed curve C in the xy-plane. Show that 


pre = - pod = pre — xy dx = Ax. 
c 


c c 
Moment of inertia Let J, be the moment of inertia about the 
y-axis of the region in Exercise 35. Show that 


pee a =p xy de a pee — xydx =f. 
c Cc c 


Green’s Theorem and Laplace’s equation Assuming that all 
the necessary derivatives exist and are continuous, show that if 
f(x, y) satisfies the Laplace equation 


v9 OT 


0, 
ax? dy" 
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then 


for all closed curves C to which Green’s Theorem applies. (The 
converse is also true: If the line integral is always zero, then f 
satisfies the Laplace equation.) 


38. Maximizing work Among all smooth, simple closed curves in 
the plane, oriented counterclockwise, find the one along which 
the work done by 


Lo. ep alee ose 
F (fey +p jitg 


is greatest. (Hint: Where is (curl F)- k positive?) 


39. Regions with many holes Green’s Theorem holds for a region 
R with any finite number of holes as long as the bounding curves 
are smooth, simple, and closed and we integrate over each com- 
ponent of the boundary in the direction that keeps R on our imme- 
diate left as we go along (see accompanying figure). 


a. Let f(x, y) = In (x? + y?) and let C be the circle 
x? + y* = a’. Evaluate the flux integral 


P Vi -mds 


c 
b. Let K be an arbitrary smooth, simple closed curve in the plane 
that does not pass through (0, 0). Use Green’s Theorem to 


show that 
¢ Vf ends 


K 
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has two possible values, depending on whether (0, 0) lies 
inside K or outside K. 


40. Bendixson’s criterion The streamlines of a planar fluid flow 
are the smooth curves traced by the fluid’s individual particles. 
The vectors F = M(x, y)i + N(x, y)j of the flow’s velocity field 
are the tangent vectors of the streamlines. Show that if the flow 
takes place over a simply connected region R (no holes or miss- 
ing points) and that if M, + N, # 0 throughout R, then none of 
the streamlines in R is closed. In other words, no particle of fluid 
ever has a closed trajectory in R. The criterion M, + N, ~ 0 
is called Bendixson’s criterion for the nonexistence of closed 
trajectories. 


41. Establish Equation (7) to finish the proof of the special case of 
Green’s Theorem. 


42. Curl component of conservative fields Can anything be said 
about the curl component of a conservative two-dimensional vec- 
tor field? Give reasons for your answer. 


COMPUTER EXPLORATIONS 

In Exercises 43-46, use a CAS and Green’s Theorem to find the coun- 
terclockwise circulation of the field F around the simple closed curve 
C. Perform the following CAS steps. 


a. Plot C in the xy-plane. 


b. Determine the integrand (AN/ax) — (0M/dy) for the tangen- 
tial form of Green’s Theorem. 


c. Determine the (double integral) limits of integration from 
your plot in part (a) and evaluate the curl integral for the 
circulation. 

43. F = (2x — y)i + (« + 3y)j,_ C: The ellipse x? + 4y? = 4 


i) 


2 v4 
44. F = (2x3 — y)i + (8 + y')j, C: The ellipse “7 + a = 


45. F=x leit (e iInx + 2n)j, 
C: The boundary of the region defined by y = 1 + x4 (below) and 
y = 2 (above) 
46. F = xe’i + (4x7 Iny)j, 
C: The triangle with vertices (0, 0), (2, 0), and (0, 4) 


We have defined curves in the plane in three different ways: 


Explicit form: 


Implicit form: 


Parametric vector form: 


y = f@) 
F(x, y) = 0 
r() = fi + @Oj, asr<b. 


We have analogous definitions of surfaces in space: 


Explicit form: 


Implicit form: 


z= f@Yy) 
F(x, y, z) = 0. 


u = constant 


>e2 


v = constant 
(u, v) 


>Uu 


L Parametrization 


Curve v = constant 


Curve u = constant 


r(u, v) 
position vector to surface point 


flu, vi + gu, v)j + hA(u, vk, 


FIGURE 16.36 A parametrized surface 
S expressed as a vector function of two 
variables defined on a region R. 


Q 
° 
5 
o 
N 


r(r, 0) = (r cos ap = 
+ (rsin @—)j + rk | GYO= 


YY (rcos 6, r sin 6, r) 


x 


FIGURE 16.37 The cone in Example 1 
can be parametrized using cylindrical 
coordinates. 


16.5 Surfaces and Area 993 


There is also a parametric form for surfaces that gives the position of a point on the surface 
as a vector function of two variables. We discuss this new form in this section and apply 
the form to obtain the area of a surface as a double integral. Double integral formulas for 
areas of surfaces given in implicit and explicit forms are then obtained as special cases of 
the more general parametric formula. 


Parametrizations of Surfaces 


Suppose 
r(u, v) = f(u, v)i + g(u, v)j + h(u, v)k (1) 


is a continuous vector function that is defined on a region R in the wv-plane and one-to- 
one on the interior of R (Figure 16.36). We call the range of r the surface S defined or 
traced by r. Equation (1) together with the domain R constitutes a parametrization of 
the surface. The variables u and v are the parameters, and R is the parameter domain. 
To simplify our discussion, we take R to be a rectangle defined by inequalities of the 
form a Su = b,c = v = d. The requirement that r be one-to-one on the interior of R 
ensures that S does not cross itself. Notice that Equation (1) is the vector equivalent of 
three parametric equations: 


x= fu, v), y = glu, v), z= ht, v). 
EXAMPLE 1 Find a parametrization of the cone 
Z= Vx 4+ y’, OszS1. 


Solution Here, cylindrical coordinates provide a parametrization. A typical point (x, y, z) 
on the cone (Figure 16.37) has x = rcos 0, y = rsin@, and z = Vx? + y* =r, with 
0=rstiand0 = 0 S 2m. Taking u = r and v = @ in Equation (1) gives the parame- 
trization 

r(r, 0) = (rcos 6)i + (r sin 6)j + rk, 0O=r=il, 


0508 27. 


The parametrization is one-to-one on the interior of the domain R, though not on the 
boundary tip of its cone where r = 0. a 


Find a parametrization of the sphere x? + y? + 2? = a’. 


EXAMPLE 2 


Solution Spherical coordinates provide what we need. A typical point (x, y, z) on the 
sphere (Figure 16.38) has x = asing@cosé, y=asindsin#, and z= acos¢, 
0=¢<7,0 5 0 S 27. Taking u = ¢ and v = 6 in Equation (1) gives the parame- 
trization 


r(d, 0) = (asin d cos 6)i + (asin ¢ sin 6)j + (acos d)k, 
0O=¢s7, 05608 2r. 


Again, the parametrization is one-to-one on the interior of the domain R, though not on its 
boundary “poles” where @ = Oor d = 7. | 
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z 
A 


(x, y, Z) = (a sin ¢ cos 6, a sin ¢ sin 6, a cos d) 


FIGURE 16.38 The sphere in Example 2 
can be parametrized using spherical coor- 
dinates. 


Cylinder: x7 + (y — 3)? =9 
or 
r=6sin6 


z 


6, 6 sin76, z) 


r=6sin@ 


FIGURE 16.39 The cylinder in 
Example 3 can be parametrized using 
cylindrical coordinates. 
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EXAMPLE 3 


Find a parametrization of the cylinder 


VEY 3f=9, O2c¢=5, 


Solution In cylindrical coordinates, a point (x, y, z) has x = rcos 6, y = rsin6@, and 
z = z. For points on the cylinder x7 + (y — 3)? = 9 (Figure 16.39), the equation is the 
same as the polar equation for the cylinder’s base in the xy-plane: 


x2 + (y? — 6y +9) =9 


x2 + y? = 72 
r — 6rsind = 0 : ; 


y=rsing 
or 
r= 6sin@, OS=057-. 


A typical point on the cylinder therefore has 


x = rcos@ = 6sin@ cos @ = 3 sin 20 
y=rsin@ = 6sin’0 


GZ: 
Taking u = @ and v = z in Equation (1) gives the one-to-one parametrization 


r(6, z) = (3 sin 20)i + (6 sin*@)j + zk, 


Surface Area 


Our goal is to find a double integral for calculating the area of a curved surface S based on 
the parametrization 

r(u,v) = flu, vjit+ gtu,v)j + htu,v)k, asusb, cSvezd. 
We need S' to be smooth for the construction we are about to carry out. The definition of 
smoothness involves the partial derivatives of r with respect to u and v: 


or Of, | 98, . oh 
kg Ou a a)” on 


DEFINITION A parametrized surface r(u, v) = f(u, v)i + g(u,v)j + h(u, v)kK 
is smooth if r,, and r,, are continuous and r,, X r,, is never zero on the interior of the 
parameter domain. 


The condition that r, X r, is never the zero vector in the definition of smoothness 
means that the two vectors r, and r, are nonzero and never lie along the same line, so they 
always determine a plane tangent to the surface. We relax this condition on the boundary 
of the domain, but this does not affect the area computations. 


FIGURE 16.41 A magnified view of a 


surface patch element Ag,,,. 


FIGURE 16.42 The area of the paral- 
lelogram determined by the vectors Aur, 


and Avr, approximates the area of the 
surface patch element Ag,,,. 
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Now consider a small rectangle AA,,, in R with sides on the lines u = uo, 
u = uy + Au, v = vo, and v = vg + Av (Figure 16.40). Each side of AA,,, maps to a 
curve on the surface S, and together these four curves bound a “curved patch element” 
Ag,,,. In the notation of the figure, the side v = vg maps to curve Cj, the side u = up 
maps to C;, and their common vertex (ug, vp) maps to Po. 


>N 


Parametrization yo 
FF ] 
» y 
as 


Up + AvL----- — 

AA,, u=ugt Au 

ON —— 
| | 

: | 

- | | 
= = : 
>U 

O| a ui di b 

° ug + Au 


y 


FIGURE 16.40 A rectangular area element AA,,, in the wv-plane maps onto a curved 
patch element Ag,,, on S. 


Figure 16.41 shows an enlarged view of Ag,,,. The partial derivative vector r,(U, Uo) 
is tangent to C, at Py. Likewise, r,(up, Vp) 1s tangent to C, at Py. The cross product r, X r, 
is normal to the surface at Py. (Here is where we begin to use the assumption that S is 
smooth. We want to be sure that r, X r, # 0.) 

We next approximate the surface patch element Ag,,, by the parallelogram on the 
tangent plane whose sides are determined by the vectors Aur, and Avr, (Figure 16.42). 
The area of this parallelogram is 


|Aur, X Avr,| = |r, X r,| Au Av. (2) 


A partition of the region R in the uv-plane by rectangular regions AA,,, induces a partition 
of the surface S into surface patch elements Ag,,,. We approximate the area of each sur- 
face patch element Ag,,, by the parallelogram area in Equation (2) and sum these areas 
together to obtain an approximation of the surface area of S: 


S|n, X x] Au Av. (3) 


As Au and Av approach zero independently, the number of area elements 1 tends to 00 
and the continuity of r, and r, guarantees that the sum in Equation (3) approaches the 


double integral J : 7 is Ir, x r| du dv. This double integral over the region R defines the 
area of the surface S. 


DEFINITION The area of the smooth surface 


r(u, v) = f(u, v)i + g(u, v)j + h(u, v)k, axsu=b, cSvusd 


d pb 
A= Jive x r,|dA = / i: |r, X x,| du dv. (4) 
R Cc a 


is 
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We can abbreviate the integral in Equation (4) by writing do for |r, x r,| du dv. The 
surface area differential do is analogous to the arc length differential ds in Section 13.3. 


Surface Area Differential for a Parametrized Surface 


do = Ir, x r,| du dv Ji~ (5) 
S 


Surface area Differential formula 
differential for surface area 


EXAMPLE 4 Find the surface area of the cone in Example 1 (Figure 16.37). 


Solution In Example 1, we found the parametrization 


r(r, 0) = (rcos @)i + (r sin 6)j + rk, Osrel, OF 0227. 
To apply Equation (4), we first find r, X rg: 
i j k 
r. X ty = | cos@ sin 0 1 
—rsin@ rcosé 0 


= —(rcos 0)i — (rsin 6)j + (rcos? 6 + rsin? 6)k. 


r 


r, X Yl = Vr? cos26 + r?sin2?@ + r? = V2r? = V2r. The area of the cone is 


2Qar 1 
A -| / |r, X T| dr do Eq. (4) with u = r,v = 0 
0 0 


Qa 1 Qa 
= | | V2rdr do = V2 a - V2 an) = 7\/2 units squared. 
0 0 0 


Thus, 


2 


EXAMPLE 5 Find the surface area of a sphere of radius a. 


Solution We use the parametrization from Example 2: 
r(d, 0) = (asin d cos 6)i + (asin ¢ sin 6)j + (acos d)k, 


O0O=¢s7, 050227. 


For ry X 1p», we get 


i j k 
Ty X % = |acosdcos# acosdsind —asing 
—asingsinéd asindcos 6 0 


= (a’ sin’?¢ cos 0)i + (a’ sin’ sin 0)j + (a’ sin d cos #)k. 
Thus, 
[ry X | = Vat sin* ¢ cos? 6 + at sint p sin? 6 + a’ sin? cos b 
= Va' sintd + a’ sin? cos? = Va‘ sin? (sin? + cos?) 


= aVsin’ d = a’ sind, 


r = cos zis the 


at height z 


FIGURE 16.43 The “football” surface 
in Example 6 obtained by rotating the 
curve x = cos z about the z-axis. 


radius of a circle 
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since sind = 0 for0 = ¢ & a. Therefore, the area of the sphere is 


27 pT 
a= | a’ sin b db do 
0 Jo 
217 i 
/ 2 cos ‘ do = 
0 0 


This agrees with the well-known formula for the surface area of a sphere. 


21 
| 2a* d@ = 4zra?__ units squared. 
0 
a 


EXAMPLE 6 Let S be the “football” surface formed by rotating the curve x = cos z, 
y = 0,-7/2 = z S$ 7/2 around the z-axis (see Figure 16.43). Find a parametrization 
for S and compute its surface area. 


Solution Example 2 suggests finding a parametrization of S based on its rotation around 
the z-axis. If we rotate a point (x, 0, z) on the curve x = cos z, y = 0 about the z-axis, we 
obtain a circle at height z above the xy-plane that is centered on the z-axis and has radius 
r = cos z (see Figure 16.43). The point sweeps out the circle through an angle of rotation 
0,0 = 6 S 27. We let (x, y, z) be an arbitrary point on this circle, and define the parame- 
tersu = zandv = 6.Thenwehave x = rcos@ = cosucosv, y = rsin@ = cos usin v, 
and z = u giving a parametrization for S as 


r(u, v) = cosucos vi + cosusinvj + uk, -Z> Sus 


Next we use Equation (5) to find the surface area of S. Differentiation of the parame- 
trization gives 


r, = —sinucos vi — sinusinuj + k 
and 


| 


» = —~cosusinvi + cos u cos vj. 


Computing the cross product we have 


i j k 
r, Xr, = |-sinucosv) —sinusinuv | 
—cosusinu cosucosuv 0 


—cosucos vi — cosusinuj — (sinu cos ucos* v + cos usin u sin’ v)k. 


Taking the magnitude of the cross product gives 


V cos? u (cos? v + sin? v) + sin? u cos? u 


lr, X ry| 


Vos? u (1 + sin? uv) 


cosu V1 + sin? u. 


T 
cos u = 0 for = 


From Equation (4) the surface area is given by the integral 


2a pa/2 
a= i, cosu V1 + sin? u du dv. 
0 —1/2 
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Surface F(x, y, z) = c 


ss 


The vertical projection 
or “shadow” of S ona 
coordinate plane 


FIGURE 16.44 As we soon see, the area 
of a surface S in space can be calculated 
by evaluating a related double integral over 
the vertical projection or “shadow” of S 

on a coordinate plane. The unit vector p 

is normal to the plane. 


To evaluate the integral, we substitute w = sinu and dw = cosudu, -1=w*#l. 
Since the surface S is symmetric across the xy-plane, we need only integrate with respect 
to w from 0 to 1, and multiply the result by 2. In summary, we have 


A 


QT 1 
2 | | V1 + w* dwdvu 
0 Jo 


1 


27 
| E Vitw?t in (w +V1+ ) dv Integral Table Formula 35 
0 


0 


=f [ivae Fin (1 - v2) | av 
= 2n| V2 + In(1 + V2)]. rT] 


Implicit Surfaces 


Surfaces are often presented as level sets of a function, described by an equation such as 
FQ, y, 2) = ¢, 


for some constant c. Such a level surface does not come with an explicit parametrization, 
and is called an implicitly defined surface. Implicit surfaces arise, for example, as equipo- 
tential surfaces in electric or gravitational fields. Figure 16.44 shows a piece of such a 
surface. It may be difficult to find explicit formulas for the functions f, g, and / that 
describe the surface in the form r(u, v) = f(u, v)i + g(u, v)j + h(u, v)k. We now show 
how to compute the surface area differential do for implicit surfaces. 

Figure 16.44 shows a piece of an implicit surface S that lies above its “shadow” region 
R in the plane beneath it. The surface is defined by the equation F(x, y, z) = c and pisa 
unit vector normal to the plane region R. We assume that the surface is smooth (F is dif- 
ferentiable and VF is nonzero and continuous on S) and that VF+ p # 0, so the surface 
never folds back over itself. 

Assume that the normal vector p is the unit vector k, so the region R in Figure 16.44 
lies in the xy-plane. By assumption, we then have VF: p = VF:k = F, 0 on S. The 
Implicit Function Theorem (see Section 14.4) implies that S is then the graph of a differen- 
tiable function z = A(x, y), although the function A(x, y) is not explicitly known. Define 
the parameters u and v by u = x and v = y. Then z = A(u, v) and 


r(u,v) = ui + vj + A(u, v)k (6) 


gives a parametrization of the surface S$. We use Equation (4) to find the area of S. 
Calculating the partial derivatives of r, we find 


_, oh _ 4 oh 
rm =it ak and rn=jt 5k. 


Applying the Chain Rule for implicit differentiation (see Equation (2) in Section 14.4) to 
F(x, y, Z) = c, where x = u, y = v, and z = hA(u, v), we obtain the partial derivatives 


7 =a and a =p: 


_ es am _ es ky 
m1 Fe and i ee os 


FIGURE 16.45 The area of this parabolic 
surface is calculated in Example 7. 
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From a routine calculation of the cross product we find 


x a ea 
Xt = Fit Fi F.#0 


= HRi+ Bj+ Ek) 


= NF VE 

F. VF-k 
2,20 : 
~ VF p: p=k 


Therefore, the surface area differential is given by 


F| 


Vv 
do = Ir, x r,| dudv = |VF-p| 


dx dy. u=xandv=y 


We obtain similar calculations if instead the vector p = j is normal to the xz-plane 
when Ff, ~ 0 on S, or if p = iis normal to the yz-plane when F, ~ 0 on S. Combining 
these results with Equation (4) then gives the following general formula. 


Formula for the Surface Area of an Implicit Surface 


The area of the surface F(x, y, z) = c over aclosed and bounded plane region R is 


Surf: AINE. 7 
urface area = |VF-p| his (7) 


where p = i,j, or k is normal to R and VF: p # 0. 


Thus, the area is the double integral over R of the magnitude of VF divided by the 
magnitude of the scalar component of VF normal to R. 

We reached Equation (7) under the assumption that VF + p # 0 throughout R and that 
VF is continuous. Whenever the integral exists, however, we define its value to be the area 
of the portion of the surface F(x, y, z) = c that lies over R. (Recall that the projection is 
assumed to be one-to-one.) 


EXAMPLE 7 Find the area of the surface cut from the bottom of the paraboloid 
x? + y? — z = 0 by the plane z = 4. 


Solution We sketch the surface S and the region R below it in the xy-plane (Figure 
16.45). The surface S is part of the level surface F(x, y, z) = x* + y* — z = 0, and Ris 
the disk x7 + y* < 4 in the xy-plane. To get a unit vector normal to the plane of R, we can 
take p = k. 

At any point (x, y, z) on the surface, we have 


Fax yD=xr+y-z 
VF = 2xi + 2yj — k 
|VF| = Vax + Qy? + C1? 
= V4 + 441 
|VF-p| = |VF-k| = |-1| = 1. 
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In the region R, dA = dx dy. Therefore, 


Surf: = We) dA 
urface area = | [VF =p Eq. (7) 


Vx? + 4y? + 1 dx dy 


e+y<4 


27 p2 
= / / Var + 1 rdr dg Polar coordinates 
0 0 


2a 2 
1 
= —(4r? + pe do 
| EF 0 


QT 
= 1 (4 73/2 _7 = 
: ig AT? — 1) a9 = F (17V17 - 1). e 


Example 7 illustrates how to find the surface area for a function z = f(x, y) over a 


region R in the xy-plane. Actually, the surface area differential can be obtained in two 
ways, and we show this in the next example. 


EXAMPLE 8 Derive the surface area differential do of the surface z = f(x, y) overa 
region R in the xy-plane (a) parametrically using Equation (5), and (b) implicitly, as in 
Equation (7). 


Solution 


(a) 


(b) 


We parametrize the surface by taking x = u, y = v, and z = f(x, y) over R. This gives 
the parametrization 


r(u, v) = ui + vj + flu, vdk. 


Computing the partial derivatives gives r, = i + f,k,r, = j + f,k and 


ij k 
r, Xr, = —f,i — fyj + k. 1 Ok 
ot # 


Then he x r,| dudv = Vf? + f,” + 1 du dv. Substituting for u and v then gives 
the surface area differential 


da = Vfer+ i. + 1 dx dy. 
We define the implicit function F(x, y, z) = f(x, y) — z. Since (x, y) belongs to the 
region R, the unit normal to the plane of R is p = k. Then VF = f,i + f,j — k so 
that |VF+p| = |-1| = 1, |VF| = Vf,2 + fy? + 1, and |VF| /|VF-p| = |VFI. 


The surface area differential is again given by 


da =Vf~2+ i + 1 dx dy. a 


The surface area differential derived in Example 8 gives the following formula for calcu- 
lating the surface area of the graph of a function defined explicitly as z = f(x, y). 


Formula for the Surface Area of a Graph z = f(x, y) 


For a graph z = f(x, y) over a region R in the xy-plane, the surface area formula is 


A= | Vie + fy + Ldx dy. (8) 
ER 
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Finding Parametrizations 

In Exercises 1-16, find a parametrization of the surface. (There are 
many correct ways to do these, so your answers may not be the same 
as those in the back of the book.) 


1. The paraboloid z = x7 + y*,z = 4 
2. The paraboloid z = 9 — x7 — y,z 20 


3. Cone frustum The first-octant portion of the cone z= 
Vx? + y?/2 between the planes z = 0 and z = 3 


4. Cone frustum The portion of the cone z= 2Vx? + y? 
between the planes z = 2 and z = 4 


ll 


ll 


5. Spherical cap The cap cut from the sphere x7 + y? + 27 = 


by the cone z = Vx? + y? 
6. Spherical cap The portion of the sphere x7 + y? + 2? = 4 in 
the first octant between the xy-plane and the cone z = Vx? + y? 


7. Spherical band The portion of the sphere x? + y? + 2 = 3 
between the planes z = V3/2 and z = —V3/2 

8. Spherical cap The upper portion cut from the sphere 
x? + y? + 2? = 8 by the plane z = — 

9. Parabolic cylinder between planes The surface cut from the 
parabolic cylinder z = 4 — y? by the planes x = 0, x = 2, and 
z=0 

10. Parabolic cylinder between planes The surface cut from the 
parabolic cylinder y = x? by the planes z = 0, z = 3, and y = 2 


11. Circular cylinder band The portion of the cylinder y? + 2? = 9 
between the planes x = 0 and x = 3 


12. Circular cylinder band The portion of the cylinder x7 + 2? = 4 
above the xy-plane between the planes y = —2 and y = 2 

13. Tilted plane inside cylinder The portion of the plane x + y + 
ga 1 


a. Inside the cylinder x? + y? = 9 


b. Inside the cylinder y* + 2? = 9 


14. Tilted plane inside cylinder The portion of the plane 
x—-yt2z=2 


a. Inside the cylinder x? + z? = 3 


b. Inside the cylinder y* + z? = 2 


15. Circular cylinder band The portion of the cylinder (x — 2)? + 
2? = 4 between the planes y = 0 and y = 3 


16. Circular cylinder band The portion of the cylinder y* + 
(z — 5)° = 25 between the planes x = 0 and x = 10 


Surface Area of Parametrized Surfaces 

In Exercises 17—26, use a parametrization to express the area of the 
surface as a double integral. Then evaluate the integral. (There are 
many correct ways to set up the integrals, so your integrals may not be 
the same as those in the back of the book. They should have the same 
values, however.) 


17. Tilted plane inside cylinder The portion of the plane 
y + 2z = 2 inside the cylinder x7 + y? = 1 
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18. Plane inside cylinder The portion of the plane z = —x inside 
the cylinder x? + y? = 4 

19. Cone frustum The portion of the cone z= 2Vx? + y? 
between the planes z = 2 and z = 6 


20. Cone frustum The portion of the cone z= Vx? + y*/3 
between the planes z = 1 and z = 4/3 


21. Circular cylinder band The portion of the cylinder 
x? + y? = | between the planes z = | and z = 4 


22. Circular cylinder band The portion of the cylinder x? + 2? = 
10 between the planes y = —1 and y = 1 


23. Paraboliccap The cap cut from the paraboloid z = 2 — x? — y? 


by the cone z = Vx? + y? 


24. Parabolic band The portion of the paraboloid z = x? + y? 
between the planes z = 1 and z = 4 


25. Sawed-off sphere The lower portion cut from the sphere 
x? + y? + 2? = 2 by the cone z = Vx? + y? 

26. Spherical band The portion of the sphere x? + y? + 77 = 
between the planes z = —1 and z = 1/3 


Planes Tangent to Parametrized Surfaces 

The tangent plane at a point Po(f(up, Vo), g(Up, Uo), A(Ug, Uo) On a 
parametrized surface r(u, v) = f(u, v)i + g(u, v)j + Alu, v)k is the 
plane through Py) normal to the vector r,(Up, Vo) X F,(up, Uo), the 
cross product of the tangent vectors r,(Up, Vo) and r,(up, Vo) at Py. In 
Exercises 27—30, find an equation for the plane tangent to the surface 
at Py. Then find a Cartesian equation for the surface and sketch the 
surface and tangent plane together. 


27. Cone The cone r(r, 0) = (rcos @)i + (r sin 0—)j + rk, r = 0, 
0= 622m at the point Pal /2, 4/2,2) corresponding to 
(r, 0) = (2, 7/4) 

28. Hemisphere The hemisphere surface r(@, 0) = (4 sin écos 0)i 
+ (4sin ¢ sin @™)j + (4cos d)k,0 = 6 S$ 7/2,0 S 0 S 27, 
at the point Py2, ‘72. 2V3) corresponding to (¢, 6) = 
(7/6, 7/4) 

29. Circular cylinder The circular cylinder r(6, z) = (3 sin 20)i + 
(6 sin?@)j + zk,0 = 0 <q, at the point P,(3V3/2, 9/2, 0) 
corresponding to (8, z) = (a/3, 0) (See Example 3.) 


30. Parabolic cylinder The parabolic cylinder surface r(x, y) = 
xi + yj — x’k, -00 < x < 00,-00 < y <0, at the point 
Py(1, 2, —1) corresponding to (x, y) = (1, 2) 


More Parametrizations of Surfaces 

31. a. A torus of revolution (doughnut) is obtained by rotating a circle 
C in the xz-plane about the z-axis in space. (See the accompa- 
nying figure.) If C has radius r > O and center (R, 0, 0), show 
that a parametrization of the torus is 


r(u, v) = ((R + rcos u)cos v)i 


+ (R + rcos u)sin v)j + (r sin wk, 


where 0 = u = 27 and 0 = v = 27 are the angles in the 
figure. 
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b. Show that the surface area of the torus is A = 47?Rr. 


| : 
>Xx 
0 
R 


32. Parametrization of a surface of revolution Suppose that the 
parametrized curve C: (f(u), g(u)) is revolved about the x-axis, 
where g(u) > O fora =u sb. 


a. Show that 
r(u, v) = fi + (g(u)cos v)j + (g(u)sin v)k 


is a parametrization of the resulting surface of revolution, 
where 0 = v = 27 is the angle from the xy-plane to the 
point r(u, v) on the surface. (See the accompanying figure.) 
Notice that f(w) measures distance along the axis of revolu- 
tion and g(u) measures distance from the axis of revolution. 


y 


(fu), gw), 0) 


e Sw 
laa 


b. Find a parametrization for the surface obtained by revolving 
the curve x = y*, y = 0, about the x-axis. 

33. a. Parametrization of an ellipsoid The parametrization 
x =acos0@, y=bsiné, 0=6 = 27 gives the ellipse 
(x?/a*) + (y?/b?) = 1. Using the angles 6 and ¢ in spheri- 
cal coordinates, show that 


r(6, d) = (acos @ cos d)i + (b sin 6 cos d)j + (c sin d)k 


is a parametrization of the ellipsoid (x?/a?) + (y?/b?) + 
(22/c?) = 1. 

b. Write an integral for the surface area of the ellipsoid, but do 
not evaluate the integral. 


34. Hyperboloid of one sheet 


a. Find a parametrization for the hyperboloid of one sheet 
x? + y? — 2? = 1 in terms of the angle @ associated with the 
circle x? + y? = r? and the hyperbolic parameter u associ- 
ated with the hyperbolic function r? — 2? = 1. (Hint: 
cosh? u — sinh? u = 1.) 
b. Generalize the result in part (a) to the hyperboloid 
(x2/a2) + (02/62) = (2/2) = 1 
35. (Continuation of Exercise 34.) Find a Cartesian equation for the 
plane tangent to the hyperboloid x7 + y? — z? = 25 at the point 
(Xo Yo, 0), where x97 + yo? = 25. 
36. Hyperboloid of two sheets Find a parametrization of the 
hyperboloid of two sheets (z?/c?) — (x7/a?) — (y?/b?) = 1. 
Surface Area for Implicit and Explicit Forms 


37. Find the area of the surface cut from the paraboloid x + y 
0 by the plane z = 2. 


38. Find the area of the band cut from the paraboloid x? + y? — z= 
0 by the planes z = 2 and z = 6. 

39. Find the area of the region cut from the plane x + 2y + 2z = 5 
by the cylinder whose walls are x = y* and x = 2 — y’. 

40. Find the area of the portion of the surface x7 — 2z = 0 that lies 
above the triangle bounded by the lines x = V3, y = 0, and 
y = x in the xy-plane. 

41. Find the area of the surface x? — 2y — 2z = 0 that lies above the 
triangle bounded by the lines x = 2, y = 0, and y = 3x in the 
xy-plane. 

42. Find the area of the cap cut from the sphere x7 + y* + 2? = 2 by 
the cone z = Vie + y?. 

43. Find the area of the ellipse cut from the plane z = cx (c a con- 
stant) by the cylinder x? + y* = 1. 

44, Find the area of the upper portion of the cylinder x7 + 7? = 1 
that lies between the planes x = £1/2 and y = +1/2. 

45. Find the area of the portion of the paraboloid x = 4 — y? — 27 
that lies above the ring 1 < y* + z* < 4 in the yz-plane. 

46. Find the area of the surface cut from the paraboloid x7 + y + 27 = 
2 by the plane y = 0. 

47. Find the area of the surface x? — 2Inx + V15y — z = 0 above 
the square R: 1 = x = 2,0 = y = 1, in the xy-plane. 

48. Find the area of the surface 2x7/? + 2y3/2 — 3z = 0 above the 
square R:0 = x = 1,0 = y S 1, in the xy-plane. 


Find the area of the surfaces in Exercises 49-54. 

49, The surface cut from the bottom of the paraboloid z = x? + y? 
by the plane z = 3 

50. The surface cut from the “nose” of the paraboloid x = 1 — 
y? — 2? by the yz-plane 

51. The portion of the cone z = Vx? + y* that lies over the region 
between the circle x? + y* = 1 and the ellipse 9x? + 4y? = 36 
in the xy-plane. (Hint: Use formulas from geometry to find the 
area of the region.) 

52. The triangle cut from the plane 2x + 6y + 3z = 6 by the bound- 
ing planes of the first octant. Calculate the area three ways, using 
different explicit forms. 

53. The surface in the first octant cut from the cylinder y = (2/3)z*/? 
by the planes x = | and y = 16/3 


54. The portion of the plane y + z = 4 that lies above the region cut 
from the first quadrant of the xz-plane by the parabola x = 4 — 2? 


55. Use the parametrization 


r(x, z) = xi + f(x, Dj + zk 


and Equation (5) to derive a formula for do associated with the 


explicit form y = f(x, z). 


56. Let S be the surface obtained by rotating the smooth curve 
y = f(x),a = x S b, about the x-axis, where f(x) = 0. 


a. Show that the vector function 


r(x, 0) = xi + f(x) cos 0j + f(x) sin 6k 
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b. Use Equation (4) to show that the surface area of this surface 
of revolution is given by 


b 
is a parametrization of S, where @ is the angle of rotation A= / QafxyVI + [ f’@) [2 dx. 
around the x-axis (see the accompanying figure). a 
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(Xe Vio 2) 


FIGURE 16.46 The area of the patch 
Ao, is approximated by the area of the 
tangent parallelogram determined by 
the vectors Aur, and Av r,. The point 
(Xx5 Yes Z;) lies on the surface patch, 
beneath the parallelogram shown here. 


To compute the mass of a surface, the flow of a liquid across a curved membrane, or the 
total electrical charge on a surface, we need to integrate a function over a curved surface in 
space. Such a surface integral is the two-dimensional extension of the line integral con- 
cept used to integrate over a one-dimensional curve. Like line integrals, surface integrals 
arise in two forms. One form occurs when we integrate a scalar function over a surface, 
such as integrating a mass density function defined on a surface to find its total mass. This 
form corresponds to line integrals of scalar functions defined in Section 16.1, and we used 
it to find the mass of a thin wire. The second form is for surface integrals of vector fields, 
analogous to the line integrals for vector fields defined in Section 16.2. An example of this 
form occurs when we want to measure the net flow of a fluid across a surface submerged 
in the fluid (just as we previously defined the flux of F across a curve). In this section we 
investigate these ideas and some of their applications. 


Surface Integrals 


Suppose that the function G(x, y, z) gives the mass density (mass per unit area) at each 
point on a surface S. Then we can calculate the total mass of S as an integral in the follow- 
ing way. 

Assume, as in Section 16.5, that the surface S is defined parametrically on a region R 
in the wv-plane, 


r(u, v) = f(u, v)i + g(u, v)j + hu, v)k, (u, v) ER. 


In Figure 16.46, we see how a subdivision of R (considered as a rectangle for simplicity) 
divides the surface S into corresponding curved surface elements, or patches, of area 


AOyy ~ |Ty X Ty| dudv. 


As we did for the subdivisions when defining double integrals in Section 15.2, we num- 
ber the surface element patches in some order with their areas given by Ao,, Aap, ..., Ag;,. 
To form a Riemann sum over S, we choose a point (x;, y;, 2) in the kth patch, multiply the 
value of the function G at that point by the area Ao;, and add together the products: 


eS G(x, Yk> Za) Aox. 
k=1 
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Depending on how we pick (x, );, Z;) in the kth patch, we may get different values for this 
Riemann sum. Then we take the limit as the number of surface patches increases, their 
areas shrink to zero, and both Au— 0 and Av— 0. This limit, whenever it exists inde- 
pendent of all choices made, defines the surface integral of G over the surface S as 


// G(x, y,z)do = lim > G(xXp, Ver 2) NOX: (1) 
n> f=] 
5 


Notice the analogy with the definition of the double integral (Section 15.2) and with the 
line integral (Section 16.1). If S is a piecewise smooth surface, and G is continuous over S, 
then the surface integral defined by Equation (1) can be shown to exist. 

The formula for evaluating the surface integral depends on the manner in which S is 
described, parametrically, implicitly or explicitly, as discussed in Section 16.5. 


Formulas for a Surface Integral of a Scalar Function 

1. For a smooth surface S defined parametrically as r(u, v) = f(u, v)i + 
g(u, v)j + A(u, v)k, (u, v) e R, and a continuous function G(x, y, z) defined 
on S, the surface integral of G over S is given by the double integral over R, 


| G(x, y, z)do = | G(f(u, v), g(u, v), h(u, v)) |r, x r,| dudv. (2) 
Ky R 


2. For a surface S given implicitly by F(x, y, z) = c, where F is a continuously 
differentiable function, with S lying above its closed and bounded shadow re- 
gion R in the coordinate plane beneath it, the surface integral of the continu- 
ous function G over S is given by the double integral over R, 


= Mal dA 
[f o> zdo = ff o> 2) 0F-p| , (3) 


where p is a unit vector normal to R and VF: p # 0. 


3. For a surface S given explicitly as the graph of z = f(x, y), where f is a con- 
tinuously differentiable function over a region R in the xy-plane, the surface 
integral of the continuous function G over S is given by the double integral 
over R, 


[fo y, do = | G(x, y, FO, y)) VAR? + fy? + ldedy. (4) 
Ss R 


The surface integral in Equation (1) takes on different meanings in different applica- 
tions. If G has the constant value 1, the integral gives the area of S. If G gives the mass 
density of a thin shell of material modeled by S, the integral gives the mass of the shell. If 
G gives the charge density of a thin shell, then the integral gives the total charge. 


FIGURE 16.47 The cube in Example 2. 
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EXAMPLE 1 Integrate G(x, y, z) = x” over the cone z = Vx? + y2,0Sz< 1. 


Solution Using Equation (2) and the calculations from Example 4 in Section 16.5, we 
have |r, x rer = V2r and 


27 1 

|[v« -| | (7? cos?0)(V2r) dr do x = rcos6 
0 Jo 

s 


27 1 
= val / r? cos?6 dr d0 
0 J0 


Qa Qn 
-2/ costo do = *2| 8 , | v2 gy 
0 


Surface integrals behave like other double integrals, the integral of the sum of two func- 
tions being the sum of their integrals and so on. The domain Additivity Property takes the form 


[ows [fous [fous + ow 


Si S> Sn 


When S is partitioned by smooth curves into a finite number of smooth patches with non- 
overlapping interiors (1.e., if S is piecewise smooth), then the integral over S is the sum of 
the integrals over the patches. Thus, the integral of a function over the surface of a cube is 
the sum of the integrals over the faces of the cube. We integrate over a turtle shell of 
welded plates by integrating over one plate at a time and adding the results. 


EXAMPLE 2 Integrate G(x, y, z) = xyz over the surface of the cube cut from the first 
octant by the planes x = 1, y = 1, and z = 1| (Figure 16.47). 


Solution We integrate xyz over each of the six sides and add the results. Since xyz = 0 on 
the sides that lie in the coordinate planes, the integral over the surface of the cube reduces to 


Teen ee Pree) ae 


Cube Side A Side B Side C 
surface 


Side A is the surface f(x,y,z) = z= 1 over the square region Ry:0 =x = 1, 
0 = y = 1, in the xy-plane. For this surface and region, 


p=k, Via=k, ive] = 4, |Vf-p| = |k-k| =1 


__ ive 
|Vf-p| 


do dA = }dxdy = dx dy 


xyz = xy(1) = xy 


and 


1006 Chapter 16: Integrals and Vector Fields 


Symmetry tells us that the integrals of xyz over sides B and C are also | /4. Hence, 


—~1,1,1_3 
xyz da atata ri 


Cube 
surface 


EXAMPLE 3 Integrate G(x, y,z) = V1 — x? — y* over the “football” surface $ 


formed by rotating the curve x = cos z, y = 0,—-a/2 S z S$ w/2, around the z-axis. 


Solution The surface is displayed in Figure 16.43, and in Example 6 of Section 16.5 we 
found the parametrization 


: 1 7 
x =cosucosv, y=cosusinuv, z= u, 7 Susy and Ov S27, 


where v represents the angle of rotation from the xz-plane about the z-axis. Substituting 
this parametrization into the expression for G gives 


V1 - x2 -— y = V1 = (cos? u)(cos? v + sin? v) = V1 — cos? u = |sin ul. 


The surface area differential for the parametrization was found to be (Example 6, 
Section 16.5) 


do = cosu V1 + sin? udu dv. 


These calculations give the surface integral 


27 pr/2 
| V1 <P= do = f / | sinu| coswV1 + sin? udu du 
0 —17/2 


5 
27 po/2 
-2f / sinucosuV 1+ sin2ududv 
0 Jo 


w=1+4 sin? u, 


27 p2 
i: / | a/w dw dv dw = 2 sinucos u du 
0 1 


When u = 0,w = 1. 
When u = 7/2, w = 2. 


2 30)? _ 4a 
= Da we?!) = (Ve = 1), | 
1 


EXAMPLE 4 Evaluate vie s Vx(1 + 2z)do onthe portion of the cylinder z = y”/2 
over the triangular region R: x 2 0, y 2 0,x + y = | in the xy-plane (Figure 16.48). 


Solution The function G on the surface S is given by 


G(x, y,z) = Vx(1 + 22) = VxV1 + y?. 


With z = f(x, y) = y?/2, we use Equation (4) to evaluate the surface integral: 


do = Vf2 +f)? + 1dxdy = V0 + y2 + Ldxdy 


FIGURE 16.48 The surface S$ in 
Example 4. 


Positive 
direction 


FIGURE 16.49 Smooth closed surfaces 
in space are orientable. The outward unit 
normal vector defines the positive direc- 
tion at each point. 


Start 


o~ la 
Finish » 


FIGURE 16.50 To make a Mobius 
band, take a rectangular strip of paper 
abcd, give the end bc a single twist, and 
paste the ends of the strip together to match 
a with c and b with d. The Mobius band is 
a nonorientable or one-sided surface. 
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and 


[[ coxa = fiiw™ + y)V1 + y? dx dy 
Ss R 


1 ix 
-[f Vx(1 + y?) dy dx 
0/70 
1 


-f vel -y +50 ~ 9 | 
0 


Integrate and evaluate. 


1 
= / (4012 — 2x3/2 + 39/2 — 12) dx Routine algebra 
0 


_|(8.ap 4.59. 2.40 _ 2 |" 
E eh Aan oul) 
8 4,2 2 _ 284 _ 
9 6° 9 a7 94g OO a 


Orientation of a Surface 


The curve C in a line integral inherits a natural orientation from its parametrization r() 
because the parameter belongs to an interval a = t = b directed by the real line. The 
unit tangent vector T along C points in this forward direction. For a surface S, the 
parametrization r(u, v) gives a vector r, X r, that is normal to the surface, but if S has 
two “sides,” then at each point the negative —(1, X r,) is also normal to the surface, so 
we need to choose which direction to use. For example, if you look at the sphere in 
Figure 16.38, at any point on the sphere there is a normal vector pointing inward 
toward the center of the sphere and another opposite normal pointing outward. When 
we specify which of these normals we are going to use consistently across the entire 
surface, the surface is given an orientation. A smooth surface S is orientable (or two- 
sided) if it is possible to define a field of unit normal vectors n on S which varies con- 
tinuously with position. Any patch or subportion of an orientable surface is orientable. 
Spheres and other smooth closed surfaces in space (smooth surfaces that enclose sol- 
ids) are orientable. By convention, we usually choose n on a closed surface to point 
outward. 

Once n has been chosen, we say that we have oriented the surface, and we call the 
surface together with its normal field an oriented surface. The vector n at any point is 
called the positive direction at that point (Figure 16.49). 

The Mobius band in Figure 16.50 is not orientable. No matter where you start to con- 
struct a continuous unit normal field (shown as the shaft of a thumbtack in the figure), 
moving the vector continuously around the surface in the manner shown will return it to 
the starting point with a direction opposite to the one it had when it started out. The vector 
at that point cannot point both ways and yet it must if the field is to be continuous. We 
conclude that no such field exists. 


Surface Integrals of Vector Fields 


In Section 16.2 we defined the line integral of a vector field along a path C as ve cF-T ds, 
where T is the unit tangent vector to the path pointing in the forward oriented direction. 
By analogy we now have the following corresponding definition for surface integrals. 
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FIGURE 16.51 Finding the flux 
through the surface of a parabolic 
cylinder (Example 5). 


DEFINITION Let F be a vector field in three-dimensional space with continuous 
components defined over a smooth surface S having a chosen field of normal 
unit vectors n orienting S. Then the surface integral of F over S is 


[fe ne: (5) 
s 


The surface integral of F is also called the flux of the vector field across the oriented sur- 
face S (analogous to the definition of flux of a vector field in the xy-plane across a closed 
curve in the plane, as defined in Section 16.2). The expression F +n do in the integral (5) 
is also written as F- do, which corresponds to the notation F + dr used for F + T ds in line 
integrals for vector fields. If F is the velocity field of a three-dimensional fluid flow, then 
the flux of F across S is the net rate at which fluid is crossing S per unit time in the chosen 
positive direction n defined by the orientation of S. Fluid flows are discussed in more 
detail in Section 16.7, so here we focus on several examples calculating surface integrals 
of vector fields. 


EXAMPLE 5 Find the flux of F = yzi + xj — 2’k through the parabolic cylinder 
y=x,0<5x< 1,0 Sz S 4, in the direction n indicated in Figure 16.51. 


Solution On the surface we have x = x,y = x?, and z = z, so we automatically have 
the parametrization r(x, z) = xi + x7j + zk,0 S x <= 1,0 S z S 4. The cross product 
of tangent vectors is 


ij k 
rXr,= {1 2x O} = 2x1 — j. 
0 0 1 


The unit normal vectors pointing outward from the surface as indicated in Figure 16.51 are 


i XY, 2x — j 


n= 
In, Xr) V4x2 4 1 


On the surface, y = x”, so the vector field there is 
F = yi + xj — 2k = x?2i + xj — 2’k. 


Thus, 


Flux Across a Parametrized Surface 


Flux = [fee x r,)du dv 
R 
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The flux of F outward through the surface is 


i ndo = — as x x| dx dz 
-f [es Bee =V4e + ldxdz 
1.) 
ff 2x3z — x) owe: [flee dz 
0 x=0 
le 4 
= (z-ldz= ue | 
o 2 4 0 


1 1 
4 (9) 4 (1) = 2. Oo 


There is a simple formula for the flux of F across a parametrized surface r(u, v). Since 
do = |r, X r,| dudv, 


with the orientation 


r, * ft, 
n= ———_ 
Ty x r,| 


it follows that 


mx try 
I nd = frre in el x rldadv = ff *(n, X 4r,) dudv. 


This integral for flux simplifies the computation in Example 5. Since 
Fy, X 5) = 2)@x) + G)C1) = 2x2 = x, 


we obtain directly 


4 pl 
Flux = |[F ne = I] (2x32 — x) dxdz = 2 
070 
S 
in Example 5. 


If S is part of a level surface g(x, y, z) = c, then n may be taken to be one of the two 
fields 


v 
n= +5. (6) 


depending on which one gives the preferred direction. The corresponding flux is 


Flux = |[ na 
AY 
=f O- RAE sem 
7 Jl: te ay (7) 
Y |Ve-p| 
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FIGURE 16.52 Calculating the flux of 
a vector field outward through the surface 
S. The area of the shadow region R,, is 2 
(Example 6). 


EXAMPLE 6 Find the flux of F = yzj + 2k outward through the surface S$ cut 
from the cylinder y? + z* = 1, z = O, by the planes x = 0 and x = 1. 


Solution The outward normal field on S (Figure 16.52) may be calculated from the gradient 
of g(x, y,z) = yw + 2 tobe 


Vg 2yj + 2zk — 2yj + 2zk 


n=+ = = yj + ck. 
[Vg| Vy? + 422 ov 1 
With p = k, we also have 
V 
ipo? dA = 1d. 
|Ve-k| |2z| 
We can drop the absolute value bars because z = 0 on S. 
The value of F +n on the surface is 
F-n = Qzj + 7k): (yj + zk) 
=yzt2=2(y? + 2) 
=zZ. y te = los 


The surface projects onto the shadow region R,,, which is the rectangle in the xy-plane 
shown in Figure 16.52. Therefore, the flux of F outward through S is 


|[ ene = | ($a) = |i4 = area(R,,) = 2. | 
5 Ry Ry 


Moments and Masses of Thin Shells 


Thin shells of material like bowls, metal drums, and domes are modeled with surfaces. Their 
moments and masses are calculated with the formulas in Table 16.3. The derivations are 
similar to those in Section 6.6. The formulas are like those for line integrals in Table 16.1, 
Section 16.1. 


TABLE 16.3 Mass and moment formulas for very thin shells 


Mass: M = | 6 da 5 = 6&(x, y, z) = density at (x, y, z) as mass per unit area 
S 


First moments about the coordinate planes: 


= [[ 9. M,, = Jf vo. M,, = |[ 00 
s 5 s 


Coordinates of center of mass: 
x= M,,/M, y = M,, /M, Zz — M,,/M 


Moments of inertia about coordinate axes: 


bo ff t+ 2) ba bm ff + 2) oae Lm [fot + 7) bao, 


L= | r°6 da Hz, y, 2) = distance from point (x, y, 2) to line L 


FIGURE 16.53 The center of mass of a 
thin hemispherical shell of constant density 
lies on the axis of symmetry halfway from 
the base to the top (Example 7). 


x x 


FIGURE 16.54 The cone frustum 
formed when the cone z = Vx? + y? 
is cut by the planes z = 1 and z = 2 
(Example 8). 
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EXAMPLE 7 


constant density 6. 


Find the center of mass of a thin hemispherical shell of radius a and 


Solution We model the shell with the hemisphere 
IZYVDa=P + yy tol = a, 
(Figure 16.53). The symmetry of the surface about the z-axis tells us that x = y = O. It 


remains only to find z from the formula z = M,, /M. 
The mass of the shell is 


M= |[ oa = 5 |] do = (6)(area of S) = 27a’6. 6 = constant 
S Ss 


To evaluate the integral for M,,, we take p = K and calculate 
|VF| = |2xi + 2yj + 2zk| = 2V2 + yy? + 2 = 2a 
|VF-p| = |VF +k] = [22] = 2 


V 
do = VF dA = “dA. 
|VF-p| “ 
Then 
M,, = ff = do = off zodA = oa ff dA = 8a(ma*) = 52a? 
5 R R 
P Myy _ Tard cit 

M  Wa’5 2° 
The shell’s center of mass is the point (0, 0, a/2). B 
EXAMPLE 8 Find the center of mass of a thin shell of density 6 = 1/z cut from the 


cone z = Vx? + y* by the planes z = 1 and z = 2 (Figure 16.54). 


Solution The symmetry of the surface about the z-axis tells us that ¥ = y = 0. We find 
z = M,,/M. Working as in Example 4 of Section 16.5, we have 


r(r, 8) = (rcos @)i + (r sin 0)j + rk, Ler, 


0508 27, 
and 


|r, X | = V2r. 


2a p2 
u= [fod f [aN zrarao 
o Ji? 
RY 


Qa on 
-vif [inr]tao = v2 In 2 d0 
0 0) 


Therefore, 


= 2nV2In2, 
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The shell’s center of mass is the point (0, 0, 1 /In 2). 


Exercises 16.6 | 


Surface Integrals of Scalar Functions 
In Exercises 1-8, integrate the given function over the given surface. 


1. 


10. 


11. 


12. 


13. 


14. 


15. 


. Circular cylinder 


. Spherical cap 


Parabolic cylinder G(x, y, z) = x, over the parabolic cylinder 
y=x,0<5<x*=2,05753 


G(x, y, Z) = z, over the cylindrical surface 
yt2=47201<x<4 


. Sphere G(x, y, z) = x”, over the unit sphere x7 + y? + 27 = 1 
. Hemisphere G(x, y, z) = 2’, over the hemisphere x? + y? + 


2=a,22=0 


. Portion of plane F(x, y, z) = z, over the portion of the plane 


x+y+z=4 that lies above the 


0 = y = 1, in the xy-plane 


squae OSx=1, 


. Cone F(x,y,z)=z— x, over the cone z= Vx? + y’, 


Q=2= 1 


. Parabolic dome H(x, y, z) = x°V/5 — 4z, over the parabolic 


dome z= 1— x2 —y*,z=0 
H(x, y, Z) = yz, over the part of the sphere 


x? + y? + 2? = 4 that lies above the cone z = Vx? + y’ 


. Integrate G(x, y, z) = x + y + z over the surface of the cube cut 


from the first octant by the planes x = a, y = a,z = a. 


Integrate G(x, y, z) = y + z over the surface of the wedge in the 
first octant bounded by the coordinate planes and the planes 
x=2andy+z=1. 

Integrate G(x, y,z) = xyz over the surface of the rectangular 
solid cut from the first octant by the planes x = a, y = b, and 
Z=c. 

Integrate G(x, y,z) = xyz over the surface of the rectangular 
solid bounded by the planes x = +a,y = +b, andz= +c. 
Integrate G(x, y, z) = x + y + z over the portion of the plane 
2x + 2y + z = 2 that lies in the first octant. 


Integrate G(x, y,z) = xVy* + 4 over the surface cut from the 
parabolic cylinder y* + 4z = 16 by the planes x = 0, x = 1, 
and z = 0. 

Integrate G(x, y,z) = z — x over the portion of the graph of 
z= x + y’ above the triangle in the xy-plane having vertices (0, 
0, 0), (1, 1, 0), and (0, 1, 0). (See accompanying figure.) 


xy 


20 2 
= Jf a0 = f | arvzraan 
0 1° 


s 


2a 2 
va | dr dé 
0 1 


27 
ay | dd = 2nvV2, 
0 


My AwV2 _ 1 
WV2In2 In2 


>N 


(1, 1, 0) 


16. Integrate G(x, y, z) = x over the surface given by 
z=x+y fo OSx<1, -lsyH<l. 


17. Integrate G(x, y, z) = xyz over the triangular surface with verti- 
ces (1, 0, 0), (0, 2, 0), and (0, 1, 1). 


Va 
4 


x“ (1, 0,0) 


18. Integrate G(x, y, z) = x — y — z over the portion of the plane 
x + y = 1 in the first octant between z = 0 and z = 1 (see the 
accompanying figure on the next page). 


Finding Flux or Surface Integrals of Vector Fields 
In Exercises 19-28, use a parametrization to find the flux Sf. sF nde 
across the surface in the specified direction. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


Parabolic cylinder F = zi + xj — 3zk outward (normal 
away from the x-axis) through the surface cut from the parabolic 
cylinder z = 4 — y* by the planes x = 0,x = 1, andz = 0 
Parabolic cylinder F = x?j — xzk outward (normal away 
from the yz-plane) through the surface cut from the parabolic cyl- 
inder y = x°,—1 < x < 1, by the planes z = 0 and z = 2 
Sphere F = zk across the portion of the sphere x? + y* + 
2? = a’ in the first octant in the direction away from the origin 


Sphere F = xi+ yj + zk across the sphere x? + y? + 
2? = a’ in the direction away from the origin 

Plane F = 2xyi + 2yzj + 2xzk upward across the portion of 
the plane x + y + z = 2a that lies above the square 0 = x = a, 
0 = y Sa, in the xy-plane 

Cylinder F = xi + yj + zk outward through the portion of 
the cylinder x? + y? = 1 cut by the planes z = 0 and z = a 
Cone 
through the cone z = 


F = xyi — zk outward (normal away from the z-axis) 
VeP+y0sz<1 

Cone F = yi + xzj — k outward (normal away from the 
z-axis) through the cone z = 2Vx? + y,0<z=2 

Cone frustum F = —xi — yj + 2k outward (normal away 
from the z-axis) through the portion of the cone z = Vx? + y* 
between the planes z = 1 and z = 2 

Paraboloid F = 4xi + 4yj + 2k outward (normal away from 
the z-axis) through the surface cut from the bottom of the parabo- 
loid z = x? + y* by the plane z = 1 


In Exercises 29 and 30, find the surface integral of the field F over the 
portion of the given surface in the specified direction. 


29. 


30. 


F(x, y, z) = —i + 2j] + 3k 


S: rectangular surfacez = 0, OS x=2, OS yS3, 
direction k 

F(x, y, Z) = yx?i — 2j + xzk 

S: rectangular surface y= 0, -1S x52, 25757, 


direction —j 


In Exercises 31—36, use Equation (7) to find the surface integral of the 
field F over the portion of the sphere x? + y* + z? = a? in the first 
octant in the direction away from the origin. 


31. 
32. 


F(x, y, z) = zk 
F(x, y, z) = —yi + xj 


33. 
34. 
35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


16.6 Surface Integrals 1013 


FQ, y, z) = yi- xj + k 
F(x, y,z) = ai + gj + 2k 


F(x, y, z) = xi + yj + zk 


xi + yj + zk 
La...) = > 
Vx? + y? + 2 
Find the flux of the field F(x, y,z) = 2i + xj — 3zk outward 


through the surface cut from the parabolic cylinder z = 4 — y* 
by the planes x = 0,x = 1, and z = 0. 
Find the flux of the field F(x, y, z) = 4xi + 4yj + 2k outward 
(away from the z-axis) through the surface cut from the bottom of 
the paraboloid z = x? + y* by the plane z = 1. 


Let S be the portion of the cylinder y = e* in the first octant that 
projects parallel to the x-axis onto the rectangle R,.: 1 = y = 2, 
0 = z = 1 in the yz-plane (see the accompanying figure). Let n 
be the unit vector normal to S that points away from the yz-plane. 
Find the flux of the field F(x, y, z) = —2i + 2yj + zk across Sin 
the direction of n. 


Let S be the portion of the cylinder y = Inx in the first octant 
whose projection parallel to the y-axis onto the xz-plane is the 
rectangle R,.. 1 = x = e,0 = z= 1. Let n be the unit vector 
normal to S that points away from the xz-plane. Find the flux of 
F = 2yj + zk through S in the direction of n. 

Find the outward flux of the field F = 2xyi + 2yzj + 2xzk 
across the surface of the cube cut from the first octant by the 
planes x = a,y =a,z =a. 

Find the outward flux of the field F = xzi + yzj + k across the 
surface of the upper cap cut from the solid sphere 
x? + y? + 2? < 25 by the plane z = 3. 


Moments and Masses 


43. 


44. 


45. 


Centroid Find the centroid of the portion of the sphere 


x? + y? + 2? = a’ that lies in the first octant. 


Centroid Find the centroid of the surface cut from the cylinder 
y? + 2 = 9,z = 0, by the planes x = 0 and x = 3 (resembles 
the surface in Example 6). 


Thin shell of constant density Find the center of mass and the 
moment of inertia about the z-axis of a thin shell of constant den- 
sity 6 cut from the cone x? + y? — 2? = 0 by the planes z = 1 
and z = 2. 


. Conical surface of constant density Find the moment of iner- 


tia about the z-axis of a thin shell of constant density 6 cut from 
the cone 4x? + 4y? — 2? = 0,z = 0, by the circular cylinder 
x? + y? = 2x (see the accompanying figure). 
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1 6. ri Stokes’ Theorem 


Curl F 


(x, y, Z) 


FIGURE 16.55 The circulation vector 
at a point (x, y, z) in a plane in a three- 
dimensional fluid flow. Notice its right- 


hand relation to the rotating particles in the 
fluid. 


47. Spherical shells 


a. Find the moment of inertia about a diameter of a thin spheri- 
cal shell of radius a and constant density 6. (Work with a 
hemispherical shell and double the result.) 


b. Use the Parallel Axis Theorem (Exercises 15.6) and the result 
in part (a) to find the moment of inertia about a line tangent to 
the shell. 


48. Conical Surface Find the centroid of the lateral surface of a 


4x7 + 4-2 =0 solid cone of base radius a and height h (cone surface minus the 


base). 


y 


To calculate the counterclockwise circulation of a two-dimensional vector field F = Mi + Nj 
around a simple closed curve in the plane, Green’s Theorem says we can compute the double 
integral over the region enclosed by the curve of the scalar quantity (NV /dx — dM/dy). This 
expression is the k-component of a curl vector field, which we define in this section, and it 
measures the rate of rotation of F at each point in the region around an axis parallel to k. For a 
vector field on three-dimensional space, the rotation at each point is around an axis that is 
parallel to the curl vector at that point. When a closed curve C in space is the boundary of an 
oriented surface, we will see that the circulation of F around C is equal to the surface integral 
of the curl vector field. This result extends Green’s Theorem from regions in the plane to gen- 
eral surfaces in space having a smooth boundary curve. 


The Curl Vector Field 


Suppose that F is the velocity field of a fluid flowing in space. Particles near the point 
(x, y, z) in the fluid tend to rotate around an axis through (x, y, z) that is parallel to a cer- 
tain vector we are about to define. This vector points in the direction for which the rotation 
is counterclockwise when viewed looking down onto the plane of the circulation from the 
tip of the arrow representing the vector. This is the direction your right-hand thumb points 
when your fingers curl around the axis of rotation in the way consistent with the rotating 
motion of the particles in the fluid (see Figure 16.55). The length of the vector measures 
the rate of rotation. The vector is called the curl vector, and for the vector field 
F = Mi + Nj + Pk it is defined to be 


oP ON\, oM _ OP \. oN 0M 
curl F (¥ wy + (2 Pj as (3 ay i (1) 
This information is a consequence of Stokes’ Theorem, the generalization to space of the 
circulation-curl form of Green’s Theorem and the subject of this section. 
Notice that (curl F):k = (0N/dx — dM/dy) is consistent with our definition in Sec- 


tion 16.4 when F = M(x, y)i + M(x, y)j. The formula for curl F in Equation (1) is often 
expressed with the symbolic operator 


0 
ox 


F - 0 0 
V=i + j5, + ka, (2) 


FIGURE 16.56 The orientation of the 
bounding curve C gives it a right-handed 


relation to the normal field n. If the thumb 
of a right hand points along n, the fingers 
curl in the direction of C. 
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to compute the curl of F as 


jk 

=|2 2 # 
tae ox oy Oz 
N P 


_ (dP _ ON\. OM OP\. ON _ 0M 
(# wn) * (2 a); - (2 My 


The symbol V is pronounced “del,” and we often use this cross product notation to write 
the curl symbolically as “del cross F.” 


culF = VX F (3) | 


EXAMPLE 1 Find the curl of F = (x? — zi + xe + xyk. 


Solution We use Equation (3) and the determinant form, so 


culF = VX F 


i j k 

0 0 0 

~ | ax dy az 
x —e ae 2 


= (2 (xy) § (ei (2 @y) - $e? aj 


+ (Lees mic 2) 


= (x — xe)i — (y + Lj + (Ee — O)k 
= x1 - &)i- (y+ Dj + &k. | 


As we will see, the operator V has a number of other applications. For instance, when 
applied to a scalar function f(x, y, z), it gives the gradient of f: 
OF on OF ey OF 


Via! ? al? a 


It is sometimes read as “del f” as well as “grad f.” 


Stokes’ Theorem 


Stokes’ Theorem generalizes Green’s Theorem to three dimensions. The circulation-curl 
form of Green’s Theorem relates the counterclockwise circulation of a vector field around 
a simple closed curve C in the xy-plane to a double integral over the plane region R 
enclosed by C. Stokes’ Theorem relates the circulation of a vector field around the bound- 
ary C of an oriented surface S in space (Figure 16.56) to a surface integral over the surface 
S. We require that the surface be piecewise smooth, which means that it is a finite union of 
smooth surfaces joining along smooth curves. 
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Green: 


Circulation 


Stokes: 


(0. 
circ za) 


FIGURE 16.57 Comparison of Green’s 
Theorem and Stokes’ Theorem. 


z 


FIGURE 16.58 A hemisphere and a disk, 
each with boundary C (Examples 2 and 3). 


THEOREM 6—Stokes’ Theorem Let S be a piecewise smooth oriented surface 
having a piecewise smooth boundary curve C. Let F = Mi + Nj + Pk bea 
vector field whose components have continuous first partial derivatives on an 
open region containing S. Then the circulation of F around C in the direction 
counterclockwise with respect to the surface’s unit normal vector n equals the 
integral of the curl vector field V X F over S: 


prede= [fv x Pende (4) 
RY 


Cc 
Counterclockwise Curl integral 
circulation 


Notice from Equation (4) that if two different oriented surfaces S, and S, have the 
same boundary C, their curl integrals are equal: 


Il x F-n, do = II x F-n do. 
s, 


Sy 


Both curl integrals equal the counterclockwise circulation integral on the left side of Equa- 
tion (4) as long as the unit normal vectors n, and n, correctly orient the surfaces. So the 
curl integral is independent of the surface and depends only on circulation along the 
boundary curve. This independence of surface resembles the path independence for 
the flow integral of a conservative velocity field along a curve, where the value of the flow 
integral depends only on the endpoints (that is, the boundary points) of the path. The curl 
field V X F is analogous to the gradient field Vf of a scalar function f. 

If C is a curve in the xy-plane, oriented counterclockwise, and R is the region in the 
xy-plane bounded by C, then da = dxdy and 


(VX Fn =(V X Fk = (w- aM) 


Under these conditions, Stokes’ equation becomes 


oN 0M 
pF dr = fe M) acy, 
Cc R 


which is the circulation-curl form of the equation in Green’s Theorem. Conversely, by 
reversing these steps we can rewrite the circulation-curl form of Green’s Theorem for two- 
dimensional fields in del notation as 


prede= ff vx P-kas (5) 
R 


c 


See Figure 16.57. 


EXAMPLE 2 Evaluate Equation (4) for the hemisphere S: x? + y? + 27 = 9,z = 0, 
its bounding circle C: x? + y* = 9,z = 0, and the field F = yi — xj. 


Solution The hemisphere looks much like the surface in Figure 16.56 with the bounding 
circle C in the xy-plane (see Figure 16.58). We calculate the counterclockwise circulation 


>N 


Cx2r+y =4, zZ=2 


S:r(r, 0) = (rcos 6)i + (r sin 6)j + rk 


x y 


FIGURE 16.59 Thecurve C and cone S$ 
in Example 4. 
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around C (as viewed from above) using the parametrization r(@) = (3 cos @)i + 
(3 sin @)j,0 = 6 S 27: 
dr = (—3 sin 6 d0)i + (3 cos 6 d0)j 
F = yi — xj = G sin 6)i — G cos Aj 
F-dr = —9 sin? 6 d0 — 9 cos* 6 dd = —9 d6 


Qa 
pred [ 9 dO = —-187. 
0 


Cc 


For the curl integral of F, we have 


_ {oP ON\. 0M OP\. oN _ 0M 
wae (# Ww) = (# ); * (* oy )k 

= (0 — 0fi + O — Oj + C1 -— Dk = —-2k 
xityjt+ zk — xi t+ yj + zk 


Vx + y? + 22 3 


Outer unit normal 


Section 16.6, Example 7, 


3 
do = 7dA with a = 3 
V X F-ndo = — 2344 =-—2dA 
and 
Jf 9 Fra - | 2dA = —187. 
S e+yso 


The circulation around the circle equals the integral of the curl over the hemisphere, as it 
should from Stokes’ Theorem. | 


The surface integral in Stokes’ Theorem can be computed using any surface having 
boundary curve C, provided the surface is properly oriented and lies within the domain of 
the field F. The next example illustrates this fact for the circulation around the curve C in 
Example 2. 


EXAMPLE 3 Calculate the circulation around the bounding circle C in Example 2 
using the disk of radius 3 centered at the origin in the xy-plane as the surface S (instead of 
the hemisphere). See Figure 16.58. 


Solution As in Example 2, V X F = —2k. For the surface being the described disk in 
the xy-plane, we have the normal vector n = Kk so that 


V X F-ndo = —2k:kdA =—2dA 


and 

Jf yx tendo - 2 dA = —187, 

Ss e+ys9o 
a simpler calculation than before. | 
EXAMPLE 4 Find the circulation of the field F = (x* — y)i + 4zj + x7k around 


the curve C in which the plane z = 2 meets the cone z = \/x? + y’, counterclockwise as 
viewed from above (Figure 16.59). 
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Solution Stokes’ Theorem enables us to find the circulation by integrating over the sur- 

face of the cone. Traversing C in the counterclockwise direction viewed from above cor- 

responds to taking the inner normal n to the cone, the normal with a positive k-component. 
We parametrize the cone as 


r(r, 0) = (rcos@)i + (rsin®j + rk, O<r<2, 0<6<2r. 


We then have 


rr, X Tp —(r cos 0)i — (r sin 6)j + rk 
n= = Section 16.5, Example 4 
Ir, X ro| rV2 
1 : ‘ . 
= ——(-—(cos 6)i — (sin #)j + k 
Al i + k) 
do = r\V/2 drdo Section 16.5, Example 4 
V X F = —-4i — 2xj + k Routine calculation 
= —4i — 2rcos 6j + k. x = rcos@ 
Accordingly, 
VX F-n= 4.cos 8 + 2rcos sind + 1) 


gk gk 


(40s + rsin 26 + 1) 


and the circulation is 


$ F-dr = | V X F-ndo Stokes’ Theorem, Eq. (4) 
Ss 


Cc 


2a 2 
-|/ | val 4eos 8 + rsin20 + 1)(rV2drd6) = 4c. | 


EXAMPLE 5 The cone used in Example 4 is not the easiest surface to use for calcu- 
lating the circulation around the bounding circle C lying in the plane z = 3. If instead we 
use the flat disk of radius 3 centered on the z-axis and lying in the plane z = 3, then the 
normal vector to the surface S is n = k. Just as in the computation for Example 4, we still 
have V X F = —4i — 2xj + k. However, now we get V X F-n = 1, so that 


| V X F-ndo = | 1 dA = 4n. The shadow is the disk of radius 2 in the xy-plane. 


e+y<4 


This result agrees with the circulation value found in Example 4. oO 


EXAMPLE 6 Find a parametrization for the surface S formed by the part of the hyper- 
bolic paraboloid z = y? — x? lying inside the cylinder of radius one around the z-axis and 
for the boundary curve C of S. (See Figure 16.60.) Then verify Stokes’ Theorem for S using 
the normal having positive k-component and the vector field F = yi — xj + xk. 


Solution As the unit circle is traversed counterclockwise in the xy-plane, the z-coordinate 
of the surface with the curve C as boundary is given by y* — x. A parametrization of C is 
given by 


FIGURE 16.60 The surface and vector 
field for Example 6. r(t) = (cos Ai + (sin hj + (sin?t — cos*Ak, OS t S 27 
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with 
# = (—sin fi + (cosAj + (4sintcos pk, 0 = t S 27. 
Along the curve r(t) the formula for the vector field F is 
F = (sin di — (cos Nj + (cos Dk. 


The counterclockwise circulation along C is the value of the line integral 


2a Qa 
/ re fa = | ( sin? t cost t+ 4 sin 00s") 
‘ dt 5 
2a 
-/ (4sin roost = 1) a 
0 


Qa 
-| cos‘ t | = —27. 
0 


We now compute the same quantity by integrating V X F-+n over the surface S. We 
use polar coordinates and parametrize S by noting that above the point (7, @) in the plane, 
the z-coordinate of Sis y? — x? = r? sin?@ — r? cos? 6. A parametrization of S is 


r(r, 9) = (rcos 0#)i + (rsin@)j + r(sin?@ — cos*™)k, OSr<l, 0SO9S2z. 
We next compute V X F+ndo. We have 


ij k 
VXF= 2 . i: = —2xj — 2k = —(2rcos 6)j — 2k 
y -x x 
and 
r, = (cos 6)i + (sin 0)j + 2r( sin? @ — cos? 6)k 
Yy = (—rsin 0)i + (rcos 0)j + 4r7( sin 6 cos @)k 
i j k 
r, X ty = | cosé sin@ —2r(sin? 6 — cos? 6) 
—rsin@ rcos@ 4r?(sin @ cos 0) 


= 2r?(2 sin? @ cos 9 — sin? @cos 6 + cos? 6)i 
—2r°(2 sin @ cos* 9 + sin? @ + sin @ cos 0)j + rk. 


We now obtain 


2a 1 r, X tp 
V X F:ndo = V xX F- ———r, X rn ldr do 
o Jo |r, X rol 
5 
2Qar 1 
-| [vx Fee, x mp dra 
o Jo 


27 pl 
/ / [ 4r3(2 sin 6 cos* @ + sin? @ cos 6 + sin @ cos? @) — 2r| dr dé 
0 Jo 
Qn r=l 
= | ie sin 0 cos? @ + sin? @cos 6) — P| d@ Integrate. 
0 


r=0 


QT 
= / (3 sin 0 cos? @ + sin? @ cos @ — 1) dO Evaluate. 
0 
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P Circle C in the 
plane z = Vi 


Cone 


zZ= Vx? + y? 


FIGURE 16.61 Circulation curve C in 
Example 7. 


So the surface integral of V X F-n over S equals the counterclockwise circulation of F 
along C, as asserted by Stokes’ Theorem. Oo 


EXAMPLE 7 Calculate the circulation of the vector field 
F = (°° + zji+ (y? + ox)j +(2- y)k 


along the curve of intersection of the sphere x? + y* + z*=1 with the cone 
z= Vx? + y’ traversed in the counterclockwise direction around the z-axis when viewed 
from above. 


Solution _ The sphere and cone intersect when 1 = (x7 + y*) + 2 = 24+ 2 = 227, or 
z=1/ V2 (see Figure 16.61). We apply Stokes’ Theorem to the curve of intersection 
x? + y? = 1/2 considered as the boundary of the enclosed disk in the plane z = 1/ 4/2. 
The normal vector to the surface is then n = k. We calculate the curl vector as 


i j k 
VxXF= i. . - = -i+j+ 2k, Routine calculation 


ete yt2x gery 


so that V X F-k = 2. The circulation around the disk is 


friar = II° x F-kdo 
s 


Cc 
(a) 
= 2 do = 2-area of disk = 2° 7 = 7. |_| 
i v2 


Paddle Wheel Interpretation of V X F 


Suppose that F is the velocity field of a fluid moving in a region R in space containing the 
closed curve C. Then 
gr -dr 


Cc 


is the circulation of the fluid around C. By Stokes’ Theorem, the circulation is equal to the 
flux of V X F through any suitably oriented surface S with boundary C: 


prear = II° x F-ndo. 
5 


Cc 


Suppose we fix a point Q in the region R and a direction u at Q. Take C to be a circle of 
radius p, with center at Q, whose plane is normal to u. If V X F is continuous at Q, the 
average value of the u-component of V X F over the circular disk S bounded by C 
approaches the u-component of V X F at Q as the radius p — 0: 


(V X F-u)g = lim a|/° x Feud. 
p—0 Tp” 
5 


FIGURE 16.62 A small paddle wheel 
in a fluid spins fastest at point Q when its 
axle points in the direction of curl F. 


Zz 


+ xj) 


x P(x, y, 0) y 


x 


FIGURE 16.63 A steady rotational 
flow parallel to the xy-plane, with constant 
angular velocity w in the positive (counter- 
clockwise) direction (Example 8). 


FIGURE 16.64 The planar surface in 
Example 9. 
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If we apply Stokes’ Theorem and replace the surface integral by a line integral over C, we get 


F 1 
xF- = —— - ar. 
(VX F+-wWo ie LPF dr (6) 
c 


The left-hand side of Equation (6) has its maximum value when u is the direction of 
V X F. When p is small, the limit on the right-hand side of Equation (6) is approximately 


= F -dr, 
™p 
c 


which is the circulation around C divided by the area of the disk (circulation density). Sup- 
pose that a small paddle wheel of radius p is introduced into the fluid at Q, with its axle 
directed along u (Figure 16.62). The circulation of the fluid around C affects the rate of 
spin of the paddle wheel. The wheel spins fastest when the circulation integral is maxi- 
mized; therefore it spins fastest when the axle of the paddle wheel points in the direction 
of V X F. 


EXAMPLE 8 A fluid of constant density rotates around the z-axis with velocity 
F = w(—yi + xj), where w is a positive constant called the angular velocity of the rota- 
tion (Figure 16.63). Find V x F and relate it to the circulation density. 
Solution With F = —wyi + wxj, we find the curl 
ap _@N\, , (aM _aP\. , (aN_ 6M 
Cee (2 ~ mi : (™ i 7 (2 my, 


= (0 — 0ji + 0 — Oj + @ — ©wa))k = 20k. 


By Stokes’ Theorem, the circulation of F around a circle C of radius p bounding a disk $ 
in a plane normal to V X F, say the xy-plane, is 


p Fede = IIs xX F-ndo = |] re: avas = (2w)(a7p?). 
c 8 5 


Thus solving this last equation for 2w, we have 


(V X F)-k = 20 = aap Fede. 
T 


consistent with Equation (6) when u = k. a 


EXAMPLE 9 Use Stokes’ Theorem to evaluate 1 F- dr, if F = xzi + xyj + 3xzk 
and C is the boundary of the portion of the plane 2x + y + z = 2 in the first octant, tra- 
versed counterclockwise as viewed from above (Figure 16.64). 


Solution The plane is the level surface f(x, y, z) = 2 of the function f(x, y, z) = 2x + 
y + z. The unit normal vector 


Vf  Qitj+k (> ) 
n= = = a+jtk 
ivfl |a+j+kl V6 : 
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y 


FIGURE 16.65 The portion of the 
elliptical paraboloid in Example 10, 


showing its curve of intersection C with 
the plane z = 1 and its inner normal 
orientation by n. 


is consistent with the counterclockwise motion around C. To apply Stokes’ Theorem, we find 


i j k 
_ aa a ae 
culF =VXF oe. a eel (x — 3z)j + yk. 


XZ xy = 3xz 


On the plane, z equals 2 — 2x — y, so 
VX F=( — 3(2 — 2x — y))j + yk = (7x + 3y — 6)j + yk 


and 


1 1 
vx Pen = (1 + 3y-6+y) = 4e(tx + ay -6), 
Vo 1 V6 J 


The surface area element is 


The circulation is 


gr dr = | V X F-ndo Stokes’ Theorem, Eq. (4) 
Ss 


(es 
1 2=2x l 
= a) 9x + 4 ~ 6) V6 dvd 
a Jel A . 


1 2-2% 
-/ / (7x + 4y — 6) dydx = —-1. | 
0 J0 


EXAMPLE 10 Let the surface S be the elliptical paraboloid z = x? + 4y? lying 
beneath the plane z = | (Figure 16.65). We define the orientation of S by taking the inner 
normal vector n to the surface, which is the normal having a positive k-component. Find 
the flux of V X F across S in the direction n for the vector field F = yi — xzj + x27k. 


Solution We use Stokes’ Theorem to calculate the curl integral by finding the equivalent 
counterclockwise circulation of F around the curve of intersection C of the paraboloid 
z = x’ + 4y’ and the plane z = 1, as shown in Figure 16.65. Note that the orientation of 
S is consistent with traversing C in a counterclockwise direction around the z-axis. The 
curve C is the ellipse x? + 4y? = 1 in the plane z = 1. We can parametrize the ellipse by 
x =costy= + sin t, z = | for0 =t S 27, so Cis given by 


(i) = (cos Hi + F(sin Nj +k,  O<1< Qn. 


To compute the circulation integral $F - dr, we evaluate F along C and find the velocity 
vector dr /dt: 


F(r(d)) = ¥ (sin thi — (cos hj + (cos Nk 
and 


a= —(sin f)i + + (cos tj. 


FIGURE 16.66 (a) Part of a polyhedral 
surface. (b) Other polyhedral surfaces. 
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Then, 


QT 
dr 
F-dr = / Far()) = at 
f ' dt 
C 
_ ° Mey — Léa e dt 
é 2 2 


Therefore, by Stokes’ Theorem the flux of the curl across S in the direction n for the field 


F is 
Jf 9 x Bondo =—n. A 
iS: 


Proof Outline of Stokes’ Theorem for Polyhedral Surfaces 


Let S be a polyhedral surface consisting of a finite number of plane regions or faces. (See 
Figure 16.66 for examples.) We apply Green’s Theorem to each separate face of S. There 
are two types of faces: 


1. Those that are surrounded on all sides by other faces. 


2. Those that have one or more edges that are not adjacent to other faces. 


The boundary A of S consists of those edges of the type 2 faces that are not adjacent to 
other faces. In Figure 16.66a, the triangles EAB, BCE, and CDE represent a part of S, with 
ABCD part of the boundary A. Although Green’s Theorem was stated for curves in the xy- 
plane, a generalized form applies to plane curves in space, where n is normal to the plane 
(instead of k). In the generalized tangential form, the theorem asserts that the line integral 
of F around the curve enclosing the plane region R normal to n equals the double integral 
of (curl F)-n over R. Applying this generalized form to the three triangles of 
Figure 16.66a in turn, and adding the results, gives 


pape $ F-dr = teged 7X Fads. (7) 


EAB BCE CDE BCE 

The three line integrals on the left-hand side of Equation (7) combine into a single 
line integral taken around the periphery ABCDE because the integrals along interior seg- 
ments cancel in pairs. For example, the integral along segment BE in triangle ABE is oppo- 
site in sign to the integral along the same segment in triangle EBC. The same holds for 
segment CE. Hence, Equation (7) reduces to 


F-dr = V X F-ndo. 
ABCDE ABCDE 


When we apply the generalized form of Green’s Theorem to all the faces and add the 


results, we get 
pPear = II° x F-ndo. 
s 


A 


This is Stokes’ Theorem for the polyhedral surface S in Figure 16.66a. More general poly- 
hedral surfaces are shown in Figure 16.66b and the proof can be extended to them. Gen- 
eral smooth surfaces can be obtained as limits of polyhedral surfaces and a complete proof 
can be found in more advanced texts. 
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FIGURE 16.67 Stokes’ Theorem also 
holds for oriented surfaces with holes. 
Consistent with the orientation of S, the 
outer curve is traversed counterclockwise 
around n and the inner curves surrounding 
the holes are traversed clockwise. 


(b) 


FIGURE 16.68 (a) Ina simply connected 
open region in space, a simple closed 
curve C is the boundary of a smooth 
surface S. (b) Smooth curves that cross 
themselves can be divided into loops to 
which Stokes’ Theorem applies. 


Stokes’ Theorem for Surfaces with Holes 


Stokes’ Theorem holds for an oriented surface S that has one or more holes (Figure 16.67). 
The surface integral over S of the normal component of V X F equals the sum of the line 
integrals around all the boundary curves of the tangential component of F, where the 
curves are to be traced in the direction induced by the orientation of S. For such surfaces 
the theorem is unchanged, but C is considered as a union of simple closed curves. 


An Important Identity 


The following identity arises frequently in mathematics and the physical sciences. 


curl grad f = 0 or Vx Vf =0 (8) 


Forces arising in the study of electromagnetism and gravity are often associated with a 
potential function f. The identity (8) says that these forces have curl equal to zero. The iden- 
tity (8) holds for any function f(x, y, z) whose second partial derivatives are continuous. The 
proof goes like this: 


ij k 
oO oO 98 

VxVvp= |e oy a) =F, - fyi- Ga - fli + Ou — fok- 
of of of 
ax dy ax 


If the second partial derivatives are continuous, the mixed second derivatives in parenthe- 
ses are equal (Theorem 2, Section 14.3) and the vector is zero. 


Conservative Fields and Stokes’ Theorem 


In Section 16.3, we found that a field F being conservative in an open region D in space is 
equivalent to the integral of F around every closed loop in D being zero. This, in turn, is 
equivalent in simply connected open regions to saying that V X F = 0 (which gives a test 
for determining if F is conservative for such regions). 


THEOREM 7—CurlF = O Related to the Closed-Loop Property If V xX F=0 
at every point of a simply connected open region D in space, then on any piecewise- 
smooth closed path C in D, 

gr -dr = 0. 


GC 


Sketch of a Proof Theorem 7 can be proved in two steps. The first step is for simple 
closed curves (loops that do not cross themselves), like the one in Figure 16.68a. A theo- 
rem from topology, a branch of advanced mathematics, states that every smooth simple 
closed curve C in a simply connected open region D is the boundary of a smooth two- 
sided surface S that also lies in D. Hence, by Stokes’ Theorem, 


pF ar - Ils x F-ndo = 0. 
5 


c 


Exercises 
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The second step is for curves that cross themselves, like the one in Figure 16.68b. The 
idea is to break these into simple loops spanned by orientable surfaces, apply Stokes’ 
Theorem one loop at a time, and add the results. a 


The following diagram summarizes the results for conservative fields defined on con- 
nected, simply connected open regions. For such regions, the four statements are equiva- 
lent to each other. 


Using Stokes’ Theorem to Find Line Integrals 
In Exercises 1—6, use the surface integral in Stokes’ Theorem to calcu- 
late the circulation of the field F around the curve C in the indicated 


direction. 
1. F = x71 + 2xj + 2k 


F conservativeonD <> 


Theorem 3, 
Section 16.3 


p Fear=0 <— 
Cc 


over any closed 


path in D 


C: The ellipse 4x7 + y? = 4 in the xy-plane, counterclockwise 


when viewed from above 


2. F = 2yi + 3xj -— 2k 


C: The circle x? + y? = 9 in the xy-plane, counterclockwise 


when viewed from above 


3. F = yit xj + x°k 


C: The boundary of the triangle cut from the plane x + y + z= 1 


by the first octant, counterclockwise when viewed from above 


4.F=(y24+ 2)it+ GO? + 2)j 


yk 


C: The boundary of the triangle cut from the plane x + y + z = 1 
by the first octant, counterclockwise when viewed from above 


5. F= (y? + 2)i + (x? 4 yj 


yk 


C: The square bounded by the lines x = +1 and y = +1 in the 


xy-plane, counterclockwise when viewed from above 


6. F=xyit+jt+ ck 


C: The intersection of the cylinder x? + y* = 4 and the hemisphere 
e+ y? +2 = 16,z = 0, counterclockwise when viewed from 


above 


Integral of the Curl Vector Field 


7. Let n be the outer unit normal of the elliptical shell 


S: 4x? + Oy? + 3627 = 36, 


z= 0, 


10. 


Theorem 2, 
Section 16.3 


F=VfonD 


Vector identity (Eq. 8) 
(continuous second 
partial derivatives) 


V X F = 0 throughout D 
Theorem 7 

Domain’s simple 

connectivity and 

Stokes’ Theorem 


and let 


F = yi t+ Pf + (xX? + y*)3/? sin eV k, 


[fv x Fnae: 
5 


(Hint: One parametrization of the ellipse at the base of the shell is 
x= 3costy =2sint,0 =t = 277.) 


Find the value of 


. Let n be the outer unit normal (normal away from the origin) of 


the parabolic shell 


S: 4°+y+2=4, y= 0, 


and let 


eee oe eee l 
F (-<+ i+ em ni + (e+ gh) 


Find the value of 
| V X F-ndo. 


S 


. Let S be the cylinder x? + y? = a’?,0 = z S h, together with its 


top, x? + y? <= a@,z = h. Let F = —yi + xj + x7k. Use Stokes’ 
Theorem to find the flux of V < F outward through S. 


Il X (yi): ndo, 
Ss 


where S is the hemisphere x* + y? + 2 = 1,z= 0. 


Evaluate 
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11. Suppose F = V X A, where 


A= (y t V2z)i + ej + cos (xz) k. 


Determine the flux of F outward through the hemisphere 
P+ty+2=1,7220. 


12. Repeat Exercise 11 for the flux of F across the entire unit sphere. 


Stokes’ Theorem for Parametrized Surfaces 
In Exercises 13-18, use the surface integral in Stokes’ Theorem to 
calculate the flux of the curl of the field F across the surface S in the 
direction of the outward unit normal n. 
13. F = 2zi + 3xj + Syk 

S: r(r, 0) = (rcos @)i + (rsin @)j + (4 — 7?)k, 

Os rs2, 050527 
144. F=(Q-2i+ & -»jt+ at dk 


S: r(r, 0) = (rcos 0#)i + (rsin —)j + (9 — r?)k, 
Os=rs3, 050527 


15. F = x’yi + 2y°gj + 3zk 
S: r(r,0) = (rcos @)i + (rsin @)j + rk, 
Osrsl, 050527 

16. F=(« — yit+ QW - dj + & -— Dk 
S: r(r, 0) = (rcos 0)i + (rsin @—)j + (5 — Nk, 
0O=srs5, 0560527 


17. F = 3yi + (5 — 2nj + (2 -— 2k 
S: r(b, 0) = (V3 sin bcos 0)i + (V3 sin psin 6)j + 
(V3cos¢)k, 0= 57/2, 050520 

18. F = yit+ 2j + xk 
S: r(, 0) = (2 sin dcos 6)i + (2 sin dsin 6)j + (2 cos )k, 
0Os=¢87/2, 050527 


Theory and Examples 


19. Let C be the smooth curve r(f) = (2cosfi + (2 sindj + 
(3 — 2 cos? dk, oriented to be traversed counterclockwise around 
the z-axis when viewed from above. Let S be the piecewise 
smooth cylindrical surface x? + y* = 4, below the curve for 
z = 0, together with the base disk in the xy-plane. Note that C 
lies on the cylinder S and above the xy-plane (see the accompany- 
ing figure). Verify Equation (4) in Stokes’ Theorem for the vector 
field F = yi — xj + x°k. 


20. Verify Stokes’ Theorem for the vector field F = 2xyi + xj + 
(y + 2k and surface z = 4 — x* — y’,z = 0, oriented with 
unit normal n pointing upward. 


21. Zero circulation Use Equation (8) and Stokes’ Theorem to 
show that the circulations of the following fields around the 
boundary of any smooth orientable surface in space are zero. 


a. F = 2xi + 2yj + 2zk b. F = VQy’z) 
ec F=V xX (it yj + zk) d. F=Vf 

22. Zero circulation Let f(x, y,z) = (x? + y? + 2)-". Show 
that the clockwise circulation of the field F = Vf around the 
circle x7 + y? = a? in the xy-plane is zero 
a. by taking r = (acos fi + (asindj,0 S t = 27, and inte- 

grating F- dr over the circle. 

b. by applying Stokes’ Theorem. 


23. Let C be a simple closed smooth curve in the plane 
2x + 2y + z = 2, oriented as shown here. Show that 


f rva + 3zdy — xdz 


2x+2y+z=2 


depends only on the area of the region enclosed by C and not on 
the position or shape of C. 


24. Show that if F = xi + yj + zk, then V X F = 0. 


25. Find a vector field with twice-differentiable components whose 
curl is xi + yj + zk or prove that no such field exists. 


26. Does Stokes’ Theorem say anything special about circulation in a 
field whose curl is zero? Give reasons for your answer. 


27. Let R be a region in the xy-plane that is bounded by a piecewise 
smooth simple closed curve C and suppose that the moments of 
inertia of R about the x- and y-axes are known to be J, and J,. 


Evaluate the integral 
$ V(r*)- nds, 


C 


where r = Vx? + y”, in terms of J, and J,. 
28. Zero curl, yet the field is not conservative Show that the curl of 


ee 3 Xe 
+ 24 yt on 
is zero but that 
prea 
Cc 


is not zero if C is the circle x? + y* = | in the xy-plane. (Theo- 
rem 7 does not apply here because the domain of F is not simply 
connected. The field F is not defined along the z-axis so there is 
no way to contract C to a point without leaving the domain of F.) 
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1 6.8 The Divergence Theorem and a Unified Theory 


The divergence form of Green’s Theorem in the plane states that the net outward flux of a 
vector field across a simple closed curve can be calculated by integrating the divergence of 
the field over the region enclosed by the curve. The corresponding theorem in three 
dimensions, called the Divergence Theorem, states that the net outward flux of a vector 
field across a closed surface in space can be calculated by integrating the divergence of the 
field over the region enclosed by the surface. In this section we prove the Divergence 
Theorem and show how it simplifies the calculation of flux, which is the integral of the 
field over the closed oriented surface. We also derive Gauss’s law for flux in an electric 
field and the continuity equation of hydrodynamics. Finally, we summarize the chapter’s 
vector integral theorems in a single unifying principle generalizing the Fundamental Theo- 
rem of Calculus. 


Divergence in Three Dimensions 


The divergence of a vector field F = M(x, y, z)i + NC, y, z)j + P(x, y, zk is the scalar 
function 


aM , aN , oP 
iy Vea (1) 


The symbol “div F” is read as “divergence of F” or “div F.” The notation V - F is read “del 
dot F.” 

Div F has the same physical interpretation in three dimensions that it does in two. If F 
is the velocity field of a flowing gas, the value of div F at a point (x, y, z) is the rate at 
which the gas is compressing or expanding at (x, y, z). The divergence is the flux per unit 
volume or flux density at the point. 


EXAMPLE 1 The following vector fields represent the velocity of a gas flowing in 
space. Find the divergence of each vector field and interpret its physical meaning. Figure 16.69 
displays the vector fields. 

(a) Expansion: F(a, y, z) = xi + yj + zk 

(b) Compression: F(x, y, z) = —xi — yj — zk 

(c) Rotation about the z-axis: F(x, y, z) = —yi + xj 

(d) Shearing along parallel horizontal planes: F(x, y, z) = z 


Solution 


(a) divF = “. (x) + (y) + 7 (z) = 3: The gas is undergoing constant uniform 


expansion at all points. 


(b) div F “ (—x) + ' (—y) + 2 (—z) 3: The gas is undergoing constant uniform 


compression at all points. 


(c) divF “. (=y) + ; (x) = 0: The gas is neither expanding nor compressing at any 


point. 


(d) divF = 2 (z) = 0: Again, the divergence is zero at all points in the domain of the 


velocity field, so the gas is neither expanding nor compressing at any point. | 
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FIGURE 16.70 A uniformly expanding 
vector field and a sphere (Example 2). 


FIGURE 16.69 Velocity fields of a gas flowing in space (Example 1). 


Divergence Theorem 


The Divergence Theorem says that under suitable conditions, the outward flux of a vector 
field across a closed surface equals the triple integral of the divergence of the field over the 
three-dimensional region enclosed by the surface. 


THEOREM 8—Divergence Theorem Let F be a vector field whose compo- 
nents have continuous first partial derivatives, and let S be a piecewise smooth 
oriented closed surface. The flux of F across S in the direction of the surface’s 
outward unit normal field n equals the triple integral of the divergence V + F over 
the region D enclosed by the surface: 


ff tenae~ fffv-vev Q) 


Outward Divergence 
flux integral 


EXAMPLE 2 Evaluate both sides of Equation (2) for the expanding vector field 
F = xi + yj + zk over the sphere x? + y? + z* = a? (Figure 16.70). 


Solution The outer unit normal to S, calculated from the gradient of f(x, y, z) = x + 
2 2_ 2; 

yor Z a’, 1S 

2(0xi + yj + zk) xi+ yj + zk 


V A(x? + y? + 7) e 


ey + ge = a? on S 
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It follows that 


2 2 2 
AO ye se % a“ 
a do = qGdo = ado. 


F-ndo = 


Therefore, the outward flux is 


|[ na = [faa = aff do = a(4ma?) = 47a’. Area of Sis 47ra?. 
Ky Ky Ky 


For the right-hand side of Equation (2), the divergence of F is 


0 0 0 
V-F = 9, ) + 5 OD + a @ _ 3; 


so we obtain the divergence integral, 


Many vector fields of interest in applied science have zero divergence at each point. A 
common example is the velocity field of a circulating incompressible liquid, since it is neither 
expanding nor contracting. Other examples include constant vector fields F = ai + bj + ck, 
and velocity fields for shearing action along a fixed plane (see Example 1d). If F is a vec- 
tor field whose divergence is zero at each point in the region D, then the integral on the 
right-hand side of Equation (2) equals 0. So if S is any closed surface for which the Diver- 
gence Theorem applies, then the outward flux of F across S is zero. We state this important 
application of the Divergence Theorem. 


COROLLARY The outward flux across a piecewise smooth oriented closed sur- 


face S is zero for any vector field F having zero divergence at every point of the 
region enclosed by the surface. 


EXAMPLE 3 Find the flux of F = xyi + yzj + xzk outward through the surface of 
the cube cut from the first octant by the planes x = 1, y = 1, andz = 1. 


Solution Instead of calculating the flux as a sum of six separate integrals, one for each 
face of the cube, we can calculate the flux by integrating the divergence 


ag, Cy Opa 
V F = 5 Gy) + Od + 3 Ge) ytztx 


over the cube’s interior: 


Flux = | F-ndo = vi V:Fdv The Divergence Theorem 


Cube Cube 
surface interior 


1 1 1 
(x + y + z) dx dydz = 2 Routine integration o 
0 0 0 2 
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EXAMPLE 4 
(a) Calculate the flux of the vector field 


F = xi + 4xyzj + ze*k 


out of the box-shaped region D:0 =x = 3,0 Sy =2,0=2z = 1. Gee Figure 
16.71.) 


(b) Integrate div F over this region and show that the result is the same value as in part 
(a), as asserted by the Divergence Theorem. 


FIGURE 16.71 The integral of div F 

over this region equals the total flux Solution 

across the six sides (Example 4). (a) The region D has six sides. We calculate the flux across each side in turn. Consider the 
top side in the plane z = 1, having outward normal n = k. The flux across this side is 
given by F-n = ze*. Since z = 1 on this side, the flux at a point (x, y, z) on the top is 
e*. The total outward flux across this side is given by the surface integral 


2 p3 
ii : edxdy = 2e — 2. Routine integration 
0/70 


The outward flux across the other sides is computed similarly, and the results are 
summarized in the following table. 


Side Unit normal n F-n Flux across side 
x=0 -i -x? =0 0 

x=3 i c= 18 

y=0 =] —4xyz = 0 0 

y=2 j Axyz = 8xz 18 

z=0 —k —ze*=0 0) 

z=1 k ze* = e& 2e? — 2 


The total outward flux is obtained by adding the terms for each of the six sides, giving 
18 + 18 + 2e? — 2 = 34 + 2e?. 
(b) We first compute the divergence of F, obtaining 
div F = V-F = 2x + 4xz + &. 


The integral of the divergence of F over D is 


1 p2 73 
Jfora= fof [exe aes erarara: 
0 Jo Jo 
D 
1 p2 
=f [e+ i+ dara 

0 Jo 

1 


-f (16 + 36z + 2e3) dz 
0 


= 34 + 23, 


As asserted by the Divergence Theorem, the integral of the divergence over D equals 
the outward flux across the boundary surface of D. OH 


z 
A 
D R, 
Ry > ~~ a ‘ 
a 7 
a 
is 
4 Wa 
-/ 7 
~4 ss 
\ 5 7 
| 
ee, 
I 
| oy 
x | os 


FIGURE 16.72 We prove the 
Divergence Theorem for the kind of 
three-dimensional region shown here. 


(14, Ny, N3) 


FIGURE 16.73 The components of n 
are the cosines of the angles a, B, and y 
that it makes with i, j, and k. 


16.8 The Divergence Theorem and a Unified Theory 1031 


Divergence and the Curl 


If F is a vector field on three-dimensional space, then the curl V X F is also a vector 
field on three-dimensional space. So we can calculate the divergence of V X F using 
Equation (1). The result of this calculation is always 0. 


THEOREM 9 If F = Mi + Nj + Pk isa vector field with continuous second 
partial derivatives, then 


div (curl F) = V-(V X F) = 0. 


Proof From the definitions of the divergence and curl, we have 


div (curl F) = V-(V X F) 


d/0P aN n 0 (0M _ oP 4 a(0N 0M 
~ ax \dy dz dy\ dz ax dz\ ox dy 
aP ON , PM PP , eN dM 
oxdy odxdz dydz dydx <dzdx dzdy 
= 0, 


because the mixed second partial derivatives cancel by the Mixed Derivative Theorem in 
Section 14.3. Oo 


Theorem 9 has some interesting applications. If a vector field G = curl F, then the 
field G must have divergence 0. Saying this another way, if div G # 0, then G cannot be 
the curl of any vector field F having continuous second partial derivatives. Moreover, if 
G = curl F, then the outward flux of G across any closed surface S$ is zero by the corol- 
lary to the Divergence Theorem, provided the conditions of the theorem are satisfied. So if 
there is a closed surface for which the surface integral of the vector field G is nonzero, we 
can conclude that G is not the curl of some vector field F. 


Proof of the Divergence Theorem for Special Regions 


To prove the Divergence Theorem, we take the components of F to have continuous first 
partial derivatives. We first assume that D is a convex region with no holes or bubbles, 
such as a solid ball, cube, or ellipsoid, and that S is a piecewise smooth surface. In addi- 
tion, we assume that any line perpendicular to the xy-plane at an interior point of the 
region R,, that is the projection of D on the xy-plane intersects the surface S in exactly two 
points, producing surfaces 


Si: <= fi, y), (x, y) in R,, 
So: Ce fax, y), (x, y) in Ry, 


with f; = f2. We make similar assumptions about the projection of D onto the other coor- 
dinate planes. See Figure 16.72, which illustrates these assumptions. 

The components of the unit normal vector n = ni + mj + n3k are the cosines of 
the angles a, 8, and y that n makes with i, j, and k (Figure 16.73). This is true because all 
the vectors involved are unit vectors, giving the direction cosines 


n, = n-i = |n||i]cosa = cosa 
nm = n+j = |n||j| cos B = cos B 
n; = n-k = |n||k| cos y = cos y. 
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dA = dx dy 


FIGURE 16.74 The region D enclosed 
by the surfaces S, and S, projects verti- 
cally onto R,, in the xy-plane. 


Here y is acute, so 
do = dx dylcos y. 


Here y is obtuse, 
so da = —dx dy/cos y. 


dx 


dy 


FIGURE 16.75 An enlarged view of the 
area patches in Figure 16.74. The relations 
do = +dxdy/cos y come from Eq. (7) in 
Section 16.5 with F = F-n. 


Thus, the unit normal vector is given by 
n = (cos a)i + (cos B)j + (cos y)k 
and 


F-n = Mcosa + Neos B + Pcos y. 


In component form, the Divergence Theorem states that 


Jf oroma + weose + Pose do Gh Se +B) aedy de. 


F-n a 


We prove the theorem by establishing the following three equations: 


|] moose - | ot dx dy dz (3) 
5 D 
J] weoseae = |i Gy dt dy de (4) 
s D 
| pes rao - | oe dx dy dz (5) 
5 D 


Proof of Equation (5) We prove Equation (5) by converting the surface integral on 
the left to a double integral over the projection R,,, of D on the xy-plane (Figure 16.74). The 
surface S consists of an upper part S, whose equation is z = f(x, y) and a lower part S, 
whose equation is z = f,(x, y). On S,, the outer normal n has a positive k-component and 


dA _ axdy 
|cosy| COSY" 


cos y da = dx dy because do = 


See Figure 16.75. On S,, the outer normal n has a negative k-component and 
cos y da = —dx dy. 


Therefore, 


J] pecs yao = [[rcosvae + J] recs yao 
Ss Sy S, 
= Jf P03 trom aca - Jf rex tamara 
Ry Ry 


“ff [ P(x, y, folx, y)) — PQ, y, fil, y)) ] dx dy 


a(x, y) 
ed dcay= |) Hae aew, 
Fils, y) ag 


This proves Equation (5). The proofs for Equations (3) and (4) follow the same pattern; or 
just permute x, y, z; M,N, P; a, 8, y, in order, and get those results from Equation (5). 
This proves the Divergence Theorem for these special regions. a 


FIGURE 16.76 The lower half of 
the solid region between two concentric 
spheres. 


FIGURE 16.77 The upper half of 
the solid region between two concentric 
spheres. 


N 


FIGURE 16.78 Two concentric spheres 
in an expanding vector field. The outer sphere 
is S, and surrounds the inner sphere S,,. 
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Divergence Theorem for Other Regions 


The Divergence Theorem can be extended to regions that can be partitioned into a finite 
number of simple regions of the type just discussed and to regions that can be defined as 
limits of simpler regions in certain ways. For an example of one step in such a splitting 
process, suppose that D is the region between two concentric spheres and that F has con- 
tinuously differentiable components throughout D and on the bounding surfaces. Split D 
by an equatorial plane and apply the Divergence Theorem to each half separately. The bot- 
tom half, D,, is shown in Figure 16.76. The surface S$, that bounds D, consists of an outer 
hemisphere, a plane washer-shaped base, and an inner hemisphere. The Divergence Theo- 


rem says that 
[fee = fff v-rav. (6) 


5, D 
The unit normal n, that points outward from D, points away from the origin along the 


outer surface, equals k along the flat base, and points toward the origin along the inner 
surface. Next apply the Divergence Theorem to Dj, and its surface S, (Figure 16.77): 


[[vman= fff vr 


Sy Dy 


As we follow n, over S;, pointing outward from D,, we see that n, equals —k along the 
washer-shaped base in the xy-plane, points away from the origin on the outer sphere, and 
points toward the origin on the inner sphere. When we add Equations (6) and (7), the inte- 
grals over the flat base cancel because of the opposite signs of n, and n,. We thus arrive at 


the result 
|[ Fra 7 Jf see 
5 D 


with D the region between the spheres, S the boundary of D consisting of two spheres, and 
n the unit normal to S directed outward from D. 


EXAMPLE 5 Find the net outward flux of the field 
i+ yj + zk 
Fa pave ty He (8) 
p 


across the boundary of the region D:0 < b? S x? + y* + 2 S a? (Figure 16.78). 


Solution The flux can be calculated by integrating V - F over D. Note that p ~ 0 in D. 
We have 


op lio 2 2)-1 x 
ee =1/2, ey 
ay 5 (x + y? + 27)-V02x) p 
and 
oM 0 3 3 49 _ 3x2 
ax Ox (xp*) = p 3xp Ox pp. 
Similarly, 
aN_ 1 3y" 4 2 koe 
Hn 2 Dd an a pp 7d 
y pp < pp 
Hence, 
3 2 
div¥Pe 2-2 (P4742) 42-220, 
3 5 3 5 
p p p p 
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FIGURE 16.79 A sphere S, surround- 
ing another surface S. The tops of the 
surfaces are removed for visualization. 


So the net outward flux of F across the boundary of D is zero by the corollary to the 
Divergence Theorem. There is more to learn about this vector field F, though. The flux 
leaving D across the inner sphere S, is the negative of the flux leaving D across the outer 
sphere S, (because the sum of these fluxes is zero). Hence, the flux of F across 5S, in the 
direction away from the origin equals the flux of F across S, in the direction away from 
the origin. Thus, the flux of F across a sphere centered at the origin is independent of the 
radius of the sphere. What is this flux? 

To find it, we evaluate the flux integral directly for an arbitrary sphere S,. The out- 
ward unit normal on the sphere of radius a is 
xi+ yj + zk xi+ yj + zk 


Vxr + yr? + 27 a 


Hence, on the sphere, 


xi+yjtck xsit+ yj+ zk wt+yt+e 2 
= a : a = a Se ae 
and 
_ 1 _ 1 2) _ 
F-ndo = > do = ~,(41a’) = 47. 
a a 
Sa Sa 


The outward flux of F in Equation (8) across any sphere centered at the origin is 477. This 
result does not contradict the Divergence Theorem because F is not continuous at the origin. 
o 


Gauss’s Law: One of the Four Great Laws 
of Electromagnetic Theory 


There is still more to be learned from Example 5. In electromagnetic theory, the electric 
field created by a point charge g located at the origin is 


1 t (=) - q xr _ q xit yj + zk 
4r€ |r|? |r| 47r€q |r|> A47€9 p 


E(x, y, Z) = 


c) 


where €, is a physical constant, r is the position vector of the point (x, y, z), and 


p = |r| = Vx? + y? + 2. From Equation (8), 


_ 4 
Y= Fe, 


The calculations in Example 5 show that the outward flux of E across any sphere cen- 
tered at the origin is g/€ , but this result is not confined to spheres. The outward flux of E 
across any closed surface S' that encloses the origin (and to which the Divergence Theorem 
applies) is also q/€ . To see why, we have only to imagine a large sphere S, centered at 
the origin and enclosing the surface S (see Figure 16.79). Since 

q q 


V-E= a = ige, =0 


when p > 0, the triple integral of V-E over the region D between S and S, is zero. 
Hence, by the Divergence Theorem, 


E-ndo = 0. 


Boundary 
of D 


So the flux of E across S in the direction away from the origin must be the same as the flux 
of E across S, in the direction away from the origin, which is q/€ 9. This statement, called 
Gauss’s law, also applies to charge distributions that are more general than the one 
assumed here, as shown in nearly any physics text. For any closed surface that encloses the 


origin, we have 
; _ 4 
Gauss’s law: E-ndo =~. 
0 
5 


Ss 


FIGURE 16.80 The fluid that flows 
upward through the patch Ag in a short 
time At fills a “cylinder” whose volume 
is approximately base X height = 

v-n Ao At. 
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Continuity Equation of Hydrodynamics 


Let D be a region in space bounded by a closed oriented surface S. If v(x, y, z) is the veloc- 
ity field of a fluid flowing smoothly through D, 6 = 6(t, x, y, z) is the fluid’s density at 
(x, y, Z) at time ft, and F = dv, then the continuity equation of hydrodynamics states that 


a5 _ 
VF +S =0. 


If the functions involved have continuous first partial derivatives, the equation evolves 
naturally from the Divergence Theorem, as we now demonstrate. 


First, the integral 
| F-ndo 
s 


is the rate at which mass leaves D across S (leaves because n is the outer normal). To see 
why, consider a patch of area Ao on the surface (Figure 16.80). In a short time interval 
At, the volume AV of fluid that flows across the patch is approximately equal to the vol- 
ume of a cylinder with base area Ao and height (vAf)-n, where v is a velocity vector 
rooted at a point of the patch: 

AV =~ v-nAo At. 
The mass of this volume of fluid is about 

Am = év:n Ao At, 


so the rate at which mass is flowing out of D across the patch is about 


Am 
he dv-n Ao. 
This leads to the approximation 
> Am 
= pe dv-n Ao 


At 


as an estimate of the average rate at which mass flows across S. Finally, letting Aa — 0 
and At— 0 gives the instantaneous rate at which mass leaves D across S as 


dm _ : 

a |» ndo, 
k) 

dm _ . 

a |[* ndo. 
S 


Now let B be a solid sphere centered at a point Q in the flow. The average value of 


V °F over B is 
1 
volume of B I V-Fdv. 
B 


It is a consequence of the continuity of the divergence that V-F actually takes on this 
value at some point P in B. Thus, by the Divergence Theorem Equation (2), 


nae 


oe ; i 
a volume of B | VeRay volume of B 
B 


rate at which mass leaves B across its surface S 
volume of B . 


which for our particular flow is 


(9) 


The last term of the equation describes decrease in mass per unit volume. 
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Now let the radius of B approach zero while the center Q stays fixed. The left side of 
Equation (9) converges to (V-F)g, and the right side converges to (—d6 / dt)g, since 
6 = m/V. The equality of these two limits is the continuity equation 


The continuity equation “explains” V + F: The divergence of F at a point is the rate at 
which the density of the fluid is decreasing there. The Divergence Theorem 


[vow - [fre 


now says that the net decrease in density of the fluid in region D (divergence integral) is 
accounted for by the mass transported across the surface S (outward flux integral). So, the 
theorem is a statement about conservation of mass (Exercise 31). 


Unifying the Integral Theorems 


If we think of a two-dimensional field F = M(x, y)i + N(x, y)j as a three-dimensional 
field whose k-component is zero, then V - F = (6M/dx) + (AN/dy) and the normal form 
of Green’s Theorem can be written as 


aM , oN 7 
f Fonds = ie + WW) dedy = Il F dA. 
c R R 


Similarly, V X F:k = (6N/dx) — (0M/dy), so the tangential form of Green’s Theorem 
can be written as 


PF Tas = {@ OM) a dy = Jf vx eeu 
x oy 
C R R 


With the equations of Green’s Theorem now in del notation, we can see their relationships 
to the equations in Stokes’ Theorem and the Divergence Theorem, all summarized here. 


Green’s Theorem and Its Generalization to Three Dimensions 


Tangential form of Green’s Theorem: $ F°Tds = I V X F-kdA 


c 
Stokes’ Theorem: $ F-Tds = | V X F-ndo 
C 5 
Normal form of Green’s Theorem: gr “nds = | V-FdA 
C 


Divergence Theorem: | F-ndo = I V-Fdv 
s D 


Notice how Stokes’ Theorem generalizes the tangential (curl) form of Green’s Theorem 
from a flat surface in the plane to a surface in three-dimensional space. In each case, the 
surface integral of curl F over the interior of the oriented surface equals the circulation of 
F around the boundary. 

Likewise, the Divergence Theorem generalizes the normal (flux) form of Green’s 
Theorem from a two-dimensional region in the plane to a three-dimensional region in 
space. In each case, the integral of V - F over the interior of the region equals the total flux 
of the field across the boundary enclosing the region. 


n=-—i n=i 
| rs >X 
a 


FIGURE 16.81 The outward unit 
normals at the boundary of [ a, b] in one- 
dimensional space. 


Exercises 16.8 | 


Calculating Divergence 
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There is still more to be learned here. All these results can be thought of as forms of a 
single fundamental theorem. Think back to the Fundamental Theorem of Calculus in Sec- 
tion 5.4. It says that if f(x) is differentiable on (a, b) and continuous on [ a, b], then 


af 
7 axe = Fb) — f@). 


If we let F = f(x)i throughout [ a, b |, then (df /dx) = V -F. If we define the unit vector 
field n normal to the boundary of [ a, b] to be i at b and —i at a (Figure 16.81), then 


fb) — f@ = fbi: @ + f@i- Cid 
= F(b)-:n + F(a) n 
= total outward flux of F across the boundary of [ a, b]. 


The Fundamental Theorem now says that 


F(b):n + F@-n = / V-Fadx. 
[a,b] 

The Fundamental Theorem of Calculus, the normal form of Green’s Theorem, and the 
Divergence Theorem all say that the integral of the differential operator V- operating on a 
field F over a region equals the sum of the normal field components over the boundary 
enclosing the region. (Here we are interpreting the line integral in Green’s Theorem and 
the surface integral in the Divergence Theorem as “sums” over the boundary.) 

Stokes’ Theorem and the tangential form of Green’s Theorem say that, when things 
are properly oriented, the surface integral of the differential operator V X operating on a 
field equals the sum of the tangential field components over the boundary of the surface. 

The beauty of these interpretations is the observance of a single unifying principle, 
which we might state as follows. 


A Unifying Fundamental Theorem of Vector Integral Calculus 


The integral of a differential operator acting on a field over a region equals the sum 
of the field components appropriate to the operator over the boundary of the region. 


b. Cube D: The cube bounded by the planes x = +1, 


In Exercises 1-4, find the divergence of the field. y= +l,andz= +1 


1. The spin field in Figure 16.12 
2. The radial field in Figure 16.11 


c. Cylindrical can D: The region cut from the solid cylinder 
x? + y? < 4 by the planes z = O and 
gal 


3. The gravitational field in Figure 16.8 and Exercise 38a in Section 16.3 


4. The velocity field in Figure 16.13 


Calculating Flux Using the Divergence Theorem 


7. Cylinder and paraboloid F = yi + xyj — zk 


D: The region inside the solid cylinder x? + y? S 4 between 
the plane z = 0 and the paraboloid z = x? + y? 


In Exercises 5-16, use the Divergence Theorem to find the outward 8. Sphere F = x7i + xzj + 3zk 


flux of F across the boundary of the region D. 


D: The solid sphere x? + y? + 27 <4 


5. Cube F= (Vy - »i+ &- yj t+ Oo - Dk 9. Portion of sphere F = x*i — 2xyj + 3xzk 
D: The cube bounded by the planes x = +1,y = +1, and D: The region cut from the first octant by the sphere x7 + y? + 
z= +1 P= 


6. F = xi+ yj + 2k 


10. Cylindrical can F = (6x? + 2xy)i + (2y + x2z)j + 4x°y*k 


a. Cube D: The cube cut from the first octant by the planes D: The region cut from the first octant by the cylinder x7 + y? = 


x=1l1,y=1l,andz=1 


and the plane z = 3 
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11. 


12. 


13. 


14. 


15. 


16. 


Wedge F = 2xzi — xyj — 2k 


D: The wedge cut from the first octant by the plane y + z = 4 
and the elliptical cylinder 4x7 + y? = 16 


Sphere F = i+ yj + 2k 

D: The solid sphere x? + y? + 2 S a@ 

Thick sphere F = Vx? + y? + 2(xi + yj + zk) 
D: Theregionl =x? +y+2<=2 

Thick sphere F = (xi + yj + zk)/Vx2 + 2 + 2 
D: Theregionnl =x7+y+2<4 


Thick sphere F = (5x3 + 12xy?)i + (y° + e’ singj + 
(523 + e cos z)k 


D: The solid region between the spheres x* + y? + 2? = | and 


x? + y? +2=2 
2 
y?)i (Zen?) 


Thick cylinder F = In(x? 4 
D: The thick-walled cylinder 1 S$ x7 + y? S$ 2,-1 5752 


zVx? + yk 


Theory and Examples 


17. 


18. 


19. 


20. 


a. Show that the outward flux of the position vector field F = 
xi + yj + zk through a smooth closed surface S is three 
times the volume of the region enclosed by the surface. 


b. Let n be the outward unit normal vector field on S. Show that it 
is not possible for F to be orthogonal to n at every point of S. 


The base of the closed cubelike surface shown here is the unit 
square in the xy-plane. The four sides lie in the planes x = 0, 
x = 1, y = 0, and y = 1. The top is an arbitrary smooth surface 
whose identity is unknown. Let F = xi — 2yj + (z + 3)k and 
suppose the outward flux of F through Side A is 1 and through 
Side B is —3. Can you conclude anything about the outward flux 
through the top? Give reasons for your answer. 


Let F = (ycos 2x)i + (y* sin 2x)j + (x’y + zk. Is there a vec- 
tor field A such that F = V X A? Explain your answer. 


Outward flux of a gradient field Let S be the surface of the 
portion of the solid sphere x7 + y? + 2? < a’ that lies in the first 


octant and let f(x, y,z) = nV x? + y* + 2’. Calculate 


Jf vemae. 
§ 


(Vf -n is the derivative of f in the direction of outward normal n.) 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


Let F be a field whose components have continuous first partial 
derivatives throughout a portion of space containing a region D 
bounded by a smooth closed surface S. If |F| <= 1, can any 
bound be placed on the size of 


[Joe 


Give reasons for your answer. 


Maximum flux Among all rectangular solids defined by the 
inequalities0 =x =a,0=y =b,0 Sz & 1, find the one for 
which the total flux of F = (—x? — 4xy)i — 6yzj + 12zk out- 
ward through the six sides is greatest. What is the greatest flux? 


Calculate the net outward flux of the vector field 


(e” + x)k 


F = xyi + (sinxz + y*)j 4 


over the surface S surrounding the region D bounded by the planes 
y = 0,z = 0,z = 2 — y and the parabolic cylinder z = 1 — x?. 
Compute the net outward flux of the vector field 
F = (xi + yj + ck)/(x? + y? + 2)? across the ellipsoid 
9x? + 4y? + 62? = 36. 


Let F be a differentiable vector field and let g(x, y, z) be a differ- 
entiable scalar function. Verify the following identities. 


a. V:(gF) = gV-F + Vg:F 
b. V X (gF) = gV XF+ Vg XF 


Let F, and F, be differentiable vector fields and let a and b be 
arbitrary real constants. Verify the following identities. 


a. V-(aF, + DF) = aV-F, + bV-E, 
b. V X (aF, + DF.) = aV X F, + bV XE 
ce V-(F.XB)=B:VXE-F‘VXEB 


If F = Mi + Nj + Pk is a differentiable vector field, we define 
the notation F- V to mean 


a a, pd 
My. + 5, + Pay: 


For differentiable vector fields F,; and F,, verify the following 
identities. 
a. V X (F, X F,) = (: V)F, — (F,- V)B, + (V-B)F, - 
(V-F)EF, 
b. V(E,- BE) = (F,-V)E + (BE: V)F, + F, x (V X B) + 
F, x (V x F,) 
Harmonic functions A function f(x, y, z) is said to be har- 
monic in a region D in space if it satisfies the Laplace equation 
g? Q? ge? 
f oF PF _ 


Vf=V-Vf= t 
f f éx* dy? Az? 


throughout D. 


a. Suppose that f is harmonic throughout a bounded region D 
enclosed by a smooth surface S$ and that n is the chosen unit 
normal vector on S. Show that the integral over S of Vf +n, 
the derivative of f in the direction of n, is zero. 


b. Show that if f is harmonic on D, then 


| ive-nae = | |Vf|? dv. 


s D 


29. 


30. 


31. 


Green’s first formula Suppose that f and g are scalar functions 
with continuous first- and second-order partial derivatives through- 
out a region D that is bounded by a closed piecewise smooth sur- 
face S. Show that 


Jf vende = [fave + ve-veav. 
D 


S 


(10) 


Equation (10) is Green’s first formula. (Hint: Apply the Diver- 
gence Theorem to the field F = f Vg.) 


Green’s second formula (Continuation of Exercise 29.) Inter- 
change f and g in Equation (10) to obtain a similar formula. Then 
subtract this formula from Equation (10) to show that 


[five — gVf):ndo = |i (f V7g — gV*f)dV. (11) 
D 


s 
This equation is Green’s second formula. 


Conservation of mass Let v(t, x, y, z) be a continuously differen- 
tiable vector field over the region D in space and let p(t, x, y, z) be a 
continuously differentiable scalar function. The variable t represents 
the time domain. The Law of Conservation of Mass asserts that 


fff oensoav=— ff vende, 
D iy 


where S is the surface enclosing D. 


a. Give a physical interpretation of the conservation of mass law 
if v is a velocity flow field and p represents the density of the 
fluid at point (x, y, z) at time ¢. 


32. 
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b. Use the Divergence Theorem and Leibniz’s Rule, 


a [if _ iffep 
4 fff ve: x,y, z)dV = || op UV 
D D 


to show that the Law of Conservation of Mass is equivalent to 
the continuity equation, 

op 
ot 
(In the first term V - pv, the variable ¢ is held fixed, and in the 


second term dp/dt, it is assumed that the point (x, y, z) in D is 
held fixed.) 


The heat diffusion equation Let 7(t, x, y, z) be a function with 
continuous second derivatives giving the temperature at time f at 
the point (x, y, z) of a solid occupying a region D in space. If the 
solid’s heat capacity and mass density are denoted by the con- 
stants c and p, respectively, the quantity cpT is called the solid’s 
heat energy per unit volume. 


Vipv+>=0. 


a. Explain why —VT points in the direction of heat flow. 


b. Let -kVT denote the energy flux vector. (Here the constant 
kis called the conductivity.) Assuming the Law of Conserva- 
tion of Mass with -kVT = v and cpT = p in Exercise 31, 
derive the diffusion (heat) equation 


oT 

ae KV°T, 

where K = k/(cp) > 0 is the diffusivity constant. (Notice 
that if T(t, x) represents the temperature at time f¢ at position x 
in a uniform conducting rod with perfectly insulated sides, 
then V?T = 9°T/dx? and the diffusion equation reduces to the 
one-dimensional heat equation in Chapter 14’s Additional 
Exercises.) 


Chapter 16 Questions to Guide Your Review 


1. 


What are line integrals of scalar functions? How are they evalu- 
ated? Give examples. 


How can you use line integrals to find the centers of mass of 
springs or wires? Explain. 

What is a vector field? What is the line integral of a vector field? 
What is a gradient field? Give examples. 


What is the flow of a vector field along a curve? What is the work 
done by vector field moving an object along a curve? How do you 
calculate the work done? Give examples. 


What is the Fundamental Theorem of line integrals? Explain how 
it relates to the Fundamental Theorem of Calculus. 


Specify three properties that are special about conservative fields. 
How can you tell when a field is conservative? 


7. What is special about path independent fields? 


8. What is a potential function? Show by example how to find a 


10. 


potential function for a conservative field. 


What is a differential form? What does it mean for such a form to 
be exact? How do you test for exactness? Give examples. 


What is Green’s Theorem? Discuss how the two forms of Green’s 
Theorem extend the Net Change Theorem in Chapter 5. 


11. 


12. 


13. 


14. 
15. 


16. 
17. 


18. 


How do you calculate the area of a parametrized surface in space? 
Of an implicitly defined surface F(x, y, z) = 0? Of the surface 
which is the graph of z = f(x, y)? Give examples. 


How do you integrate a scalar function over a parametrized sur- 
face? Of surfaces that are defined implicitly or in explicit form? 
Give examples. 


What is an oriented surface? What is the surface integral of a 
vector field in three-dimensional space over an oriented sur- 
face? How is it related to the net outward flux of the field? Give 
examples. 


What is the curl of a vector field? How can you interpret it? 


What is Stokes’ Theorem? Explain how it generalizes Green’s 
Theorem to three dimensions. 


What is the divergence of a vector field? How can you interpret it? 


What is the Divergence Theorem? Explain how it generalizes 
Green’s Theorem to three dimensions. 


How do Green’s Theorem, Stokes’ Theorem, and the Divergence 
Theorem relate to the Fundamental Theorem of Calculus for ordi- 
nary single integrals? 
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Evaluating Line Integrals 
1. The accompanying figure shows two polygonal paths in space 
joining the origin to the point (1, 1, 1). Integrate f(x, y, z) = 
2x — 3y? — 2z + 3 over each path. 


(0, 0, 0) (1,1) 


2. The accompanying figure shows three polygonal paths joining 
the origin to the point (1, 1, 1). Integrate f(x, y,z) =x? + y—-z 
over each path. 


3. Integrate f(x, y, z) = Vx? + 2 over the circle 


r(t) = (acos fj + (asin dk, O0Osts 27. 


4. Integrate f(x, y, z) = Vx? + y* over the involute curve 


0<r< V3. 


r(t) = (cost + fsin fi + (sint — tcos Nj, 
Evaluate the integrals in Exercises 5 and 6. 
4-30) 4 dy + d (10,3,3) 
y < 4 » 
5; / ———— 6. / dx — (ia = {ie 
Lil) Vx ryt z (LD = 
7. Integrate F = —(y sin z)i + (x sin z)j + (xy cos z)k around the 


circle cut from the sphere x? + y? + z?=5 by the plane 
z = —1, clockwise as viewed from above. 


8. Integrate F = 3x°yi + (x? + 1)j + 92’k around the circle cut 
from the sphere x? + y* + z* = 9 by the plane x = 2. 


Evaluate the integrals in Exercises 9 and 10. 
9, | 8x sin y dx — 8y cos x dy 
Cc 


C is the square cut from the first quadrant by the lines x = 7/2 
and y = 77/2. 


10. | y* dx + x? dy 
c 
C is the circle x7 + y? = 4. 


Finding and Evaluating Surface Integrals 

11. Area of an elliptical region Find the area of the elliptical 

region cut from the plane x + y+z= 1 by the cylinder 

r+y=i, 

12. Area of a parabolic cap Find the area of the cap cut from the 

paraboloid y* + z? = 3x by the plane x = 1. 

13. Area of a spherical cap Find the area of the cap cut from the 

top of the sphere x2 + y? + 22 = 1 by the plane z = V2/2. 

14. a. Hemisphere cut by cylinder Find the area of the surface cut 
from the hemisphere x? + y* + z* = 4,z = 0, by the cylin- 
der x? + y* = 2x. 

b. Find the area of the portion of the cylinder that lies inside the 
hemisphere. (Hint: Project onto the xz-plane. Or evaluate the 
integral f h ds, where h is the altitude of the cylinder and ds 
is the element of arc length on the circle x? + y* = 2x in the 
xy-plane.) 


Hemisphere 


z=V4-Pr 
7 | ~ 
4 ' 
/ \ 
| 
=- ys. 
aw : 


LN 


Cylinder r = 2 cos 0 


>N 


15. Area of a triangle Find the area of the triangle in which the 
plane (x/a) + (y/b) + (z/c) = 1 (a,b,c > 0) intersects the first 
octant. Check your answer with an appropriate vector calculation. 

16. Parabolic cylinder cut by planes Integrate 

z 


b. ey, 2) = = 
Be V4y? + 1 


over the surface cut from the parabolic cylinder y* — z = 1 by 
the planes x = 0,x = 3, and z = 0. 


yz 
a. g(x, y, 2) = Wik ea 
oe 


17. Circular cylinder cut by planes Integrate g(x, y, z) = 
x“y(y? + z*) over the portion of the cylinder y* + 2? = 25 that 
lies in the first octant between the planes x = 0 and x = 1 and 
above the plane z = 3. 


18. Area of Wyoming The state of Wyoming is bounded by the 
meridians 111°3’ and 104°3’ west longitude and by the circles 
41° and 45° north latitude. Assuming that Earth is a sphere of 
radius R = 3959 mi, find the area of Wyoming. 


Parametrized Surfaces 

Find parametrizations for the surfaces in Exercises 19-24. (There are 

many ways to do these, so your answers may not be the same as those 

in the back of the book.) 

19. Spherical band The portion of the sphere x7 + y* + 2? = 36 
between the planes z = —3 and z = 3V3 

20. Paraboliccap The portion of the paraboloid z = —(x? + y?)/2 
above the plane z = —2 

21. Cone Theconez=1+ Vx? + y?,z <3 

22. Planeabovesquare The portion ofthe plane 4x + 2y + 4z = 
12 that lies above the square 0 = x = 2,0 = y S 2 in the first 
quadrant 

23. Portion of paraboloid The portion of the paraboloid y = 
2(x? + 22), y S 2, that lies above the xy-plane 

24. Portion of hemisphere The portion of the hemisphere 
e+ y+ 2 = 10,y = 0, in the first octant 


25. Surface area Find the area of the surface 


r(u,v) = (ut+ v)jit+ (Cu 


Osuslosvetl. 


v)j + uk, 


26. Surface integral Integrate f(x,y, z) = xy — 2 over the sur- 
face in Exercise 25. 


27. Area of a helicoid Find the surface area of the helicoid 


r(r, 0) = (rcos 0)i + (rsin@—)j + 6k, OS OS 27, OS rl, 


in the accompanying figure. 


(1, 0, 277) 


28. Surface integral Evaluate the integral _//’ eve ty + ldo: 
where S is the helicoid in Exercise 27. 


Conservative Fields 
Which of the fields in Exercises 29-32 are conservative, and which 
are not? 


29. F = xi + yj + zk 

30. F = (xi + yj + ck)/(? + y? + 2)? 
31. F = xei + yey + ze“k 

32. F = Gi + zg t+ yk)/(@ + yz) 


Find potential functions for the fields in Exercises 33 and 34. 
33. F = 21+ Qy+2j+O0+ Dk 
34. F = (zcos xz)i + &j + (x cos xz)k 


Work and Circulation 
In Exercises 35 and 36, find the work done by each field along the 
paths from (0, 0, 0) to (1, 1, 1) in Exercise 1. 


35. F = 2xyi + j + xk 36. F = 2xyi + x°j +k 


1041 


Chapter 16 Practice Exercises 


37. Finding work in two ways _ Find the work done by 
— xi + yj 
~ (2 + y23/2 
over the plane curve r(t) = (e’ cos fi + (e' sin Hj from the point 
(1, 0) to the point (e?7, 0) in two ways: 
a. By using the parametrization of the curve to evaluate the work 
integral. 
b. By evaluating a potential function for F. 
38. Flow along different paths Find the flow of the field F = 
V(x2ze") 


a. once around the ellipse C in which the plane x + y + z= 1 
intersects the cylinder x7 + z? = 25, clockwise as viewed 
from the positive y-axis. 


b. along the curved boundary of the helicoid in Exercise 27 from 
(1, 0, 0) to (1, 0, 277). 
In Exercises 39 and 40, use the curl integral in Stokes’ Theorem to find the 
circulation of the field F around the curve C in the indicated direction. 
39. Circulation around an ellipse F = y*i — yj + 32k 


C: The ellipse in which the plane 2x + 6y — 3z = 6 meets the 
cylinder x7 + y? = 1, counterclockwise as viewed from above 


40. Circulation around a circle F = (x? + y)i+ (x + yj 4 
(4y° — 2)k 
C: The circle in which the plane z = —y meets the sphere 
x? + y? + 2? = 4, counterclockwise as viewed from above 


Masses and Moments 

41. Wire with different densities Find the mass of a thin wire lying 
along the curve r(t) = V2t + V2¢j + 4 -— Ak, O< 1 <1, 
if the density at fis (a) 6 = 3t and (b) 6 = 1. 

42. Wire with variable density Find the center of mass of a thin 
wire lying along the curve r(t) = ti t+ 2tj + (2/3)1°/7k, 
0 =t = 2, if the density at tis 6 = 3V5 + +. 

43. Wire with variable density Find the center of mass and the 
moments of inertia about the coordinate axes of a thin wire lying 
along the curve 


r(t) = ti + 


2 
2V2 any t 


if the density at ris 6 = 1/(t + 1). 

44. Center of mass of an arch A slender metal arch lies along the 
semicircle y = Va? — x? in the xy-plane. The density at the point 
(x, y) on the arch is 6(x, y) = 2a — y. Find the center of mass. 


45. Wire with constant density A wire of constant density 6 = 1 
lies along the curve r(t) = (e'cos fi + (e’sindj + ek, OS 
t = In2. Find Zz and J... 

46. Helical wire with constant density Find the mass and center 
of mass of a wire of constant density 6 that lies along the helix 
r(f) = 2sindi + (2cos Aj + 3tk,0 St S 2z. 

47. Inertia and center of mass of a shell Find J, and the center of 
mass of a thin shell of density d(x, y, z) = z cut from the upper 
portion of the sphere x? + y? + z? = 25 by the plane z = 3. 


48. Moment of inertia of a cube Find the moment of inertia about 
the z-axis of the surface of the cube cut from the first octant by 
the planes x = 1, y = 1, and z = 1 if the density is 6 = 1. 
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Flux Across a Plane Curve or Surface 
Use Green’s Theorem to find the counterclockwise circulation and 
outward flux for the fields and curves in Exercises 49 and 50. 


49. Square F = (2xy + xi + (ry — y)j 


C: The square bounded by x = 0.x = ly =0,y = 1 
50. Triangle F = (y — 6x°)i + (x + y*)j 
C: The triangle made by the lines y = 0, y = x, and x = 1 


51. Zero line integral Show that 


; cos y 
Inx sin ydy — dx = 0 
c 
for any closed curve C to which Green’s Theorem applies. 


52. a. Outward flux and area Show that the outward flux of the 
position vector field F = xi + yj across any closed curve to 
which Green’s Theorem applies is twice the area of the region 
enclosed by the curve. 


b. Let n be the outward unit normal vector to a closed curve to 
which Green’s Theorem applies. Show that it is not possible 
for F = xi + yj to be orthogonal to n at every point of C. 


In Exercises 53-56, find the outward flux of F across the boundary 
of D. 


53. Cube F = 2xyi + 2yzj + 2xzk 
D: The cube cut from the first octant by the planes x = 1, y = 1, 


z=1 


54. 


55. 


56. 


57. 


58. 


59. 


60. 


Spherical cap F = xzi + yzj + k 

D: The entire surface of the upper cap cut from the solid sphere 
x? + y? + 2? < 25 by the plane z = 3 

Spherical cap F = —2xi — 3yj + zk 

D: The upper region cut from the solid sphere x7 + y? + z* <2 
by the paraboloid z = x? + y? 


Cone and cylinder F = (6x + y)ji— («+ 2j + 4yzk 


D: The region in the first octant bounded by the cone z = V.x? + y?, 
the cylinder x? + y? = 1, and the coordinate planes 


Hemisphere, cylinder, and plane Let S be the surface that is 
bounded on the left by the hemisphere x7 + y? + 27 = a@’,y = 0, 
in the middle by the cylinder x7 + z? = a?,0 = y <a, and on 
the right by the plane y = a. Find the flux of F = yi + zj + xk 
outward across S. 


Cylinder and planes Find the outward flux of the field 
F = 3xz*i + yj — 2k across the surface of the solid in the first 
octant that is bounded by the cylinder x* + 4y? = 16 and the 
planes y = 2z,x = 0, and z = 0. 

Cylindrical can Use the Divergence Theorem to find the flux of 
F = xy*i + x’yj + yk outward through the surface of the region 
enclosed by the cylinder x? + y? = 1 and the planes z = 1 and 
g= 1, 

Hemisphere Find the flux of F = (3z + 1)k upward across 
the hemisphere x7 + y? + 2? = a’,z = O (a) with the Diver- 
gence Theorem and (b) by evaluating the flux integral directly. 


Chapter 16, Additional and Advanced Exercises 


Finding Areas with Green’s Theorem 
Use the Green’s Theorem area formula in Exercises 16.4 to find the 
areas of the regions enclosed by the curves in Exercises 1-4. 


1. The limacon x = 2 cost — cos 2t, y = 2 sint — sin 2z, 
A 


2. The deltoid x = 2 cost + cos 2t, y = 2 sint — sin 2r, 
0O=t = 27 y 


> XxX 


we 


3. 


4. 


The eight curve x = (1/2) sin 21, y = sint,0 <= t S zw (one loop) 
y 


A» 


1 


-1 


The teardrop x = 2acost — asin2t,y = bsint,0 St = 27 


y 
LN 


b 


Theory and Applications 


5. 


10. 


11. 


12. 


a. Give an example of a vector field F (x, y, z) that has value 0 at 
only one point and such that curl F is nonzero everywhere. Be 
sure to identify the point and compute the curl. 


b. Give an example of a vector field F (x, y, z) that has value 0 on 
precisely one line and such that curl F is nonzero everywhere. 
Be sure to identify the line and compute the curl. 


c. Give an example of a vector field F (x, y, z) that has value 0 on 
a surface and such that curl F is nonzero everywhere. Be sure 
to identify the surface and compute the curl. 


. Find all points (a, b, c) on the sphere x2 + y* + z? = R? where 


the vector field F = yz7i + xz7j + 2xyzk is normal to the sur- 
face and F(a, b, c) # 0. 


. Find the mass of a spherical shell of radius R such that at each 


point (x, y, z) on the surface the mass density d(x, y, z) is its dis- 
tance to some fixed point (a, b, c) of the surface. 


. Find the mass of a helicoid 


r(r, 0) = (rcos 0)i + (rsin 0)j + 6k, 


0=r=1,0=0 S 27, if the density function is d(x, y, z) = 
2V x? + y?. See Practice Exercise 27 for a figure. 


. Among all rectangular regions 0 = x = a,0 = y & J, find the 


one for which the total outward flux of F = (x? + 4xy)i — 6yj 
across the four sides is least. What is the least flux? 


Find an equation for the plane through the origin such that the 

circulation of the flow field F = zi + xj + yk around the circle 

of intersection of the plane with the sphere x7 + y? + 2? = 4 isa 

maximum. 

A string lies along the circle x? + y* = 4 from (2, 0) to (0, 2) in 

the first quadrant. The density of the string is p (x, y) = xy. 

a. Partition the string into a finite number of subarcs to show that 
the work done by gravity to move the string straight down to 
the x-axis is given by 


Work = lim 3 gx%7AK = | g xy ds, 
N00 k=] Cc 


where g is the gravitational constant. 
b. Find the total work done by evaluating the line integral in part (a). 


c. Show that the total work done equals the work required to move 
the string’s center of mass (x, y) straight down to the x-axis. 

A thin sheet lies along the portion of the plane x + y + z = lin 

the first octant. The density of the sheet is 6 (x, y, z) = xy. 


a. Partition the sheet into a finite number of subpieces to show 
that the work done by gravity to move the sheet straight down 
to the xy-plane is given by 


Work = lim > 2 XM Z ATK = | gxyzdo, 
n—oo k=1 
Ky 


where g is the gravitational constant. 

b. Find the total work done by evaluating the surface integral in 
part (a). 

c. Show that the total work done equals the work required to 
move the sheet’s center of mass (x, y, Z) straight down to the 
xy-plane. 


13. 


14. 


15. 


16. 
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Archimedes’ principle — If an object such as a ball is placed in a 
liquid, it will either sink to the bottom, float, or sink a certain dis- 
tance and remain suspended in the liquid. Suppose a fluid has 
constant weight density w and that the fluid’s surface coincides 
with the plane z = 4. A spherical ball remains suspended in the 
fluid and occupies the region x? + y? + (z — 2 <= 1. 


a. Show that the surface integral giving the magnitude of the 
total force on the ball due to the fluid’s pressure is 


Force = lim Yw4 — x) Ao, = |[ve — z)do. 
=1 
iY 


—>00 
n k 


b. Since the ball is not moving, it is being held up by the buoyant 
force of the liquid. Show that the magnitude of the buoyant 
force on the sphere is 


Buoyant force = | wz — 4)k-ndo, 
5 


where n is the outer unit normal at (x, y, z). This illustrates 
Archimedes’ principle that the magnitude of the buoyant force 
on a submerged solid equals the weight of the displaced fluid. 


c. Use the Divergence Theorem to find the magnitude of the 
buoyant force in part (b). 


Fluid force on a curved surface A cone in the shape of the 
surface z = Vx? + y?,0 S z S 2 is filled with a liquid of con- 
stant weight density w. Assuming the xy-plane is “ground level,” 
show that the total force on the portion of the cone from z = 1 to 
z = 2 due to liquid pressure is the surface integral 


Fe= |[ve-aue. 
5 


Evaluate the integral. 


Faraday’s law If E(¢, x, y, z) and B(t, x, y, z) represent the 
electric and magnetic fields at point (x, y, z) at time ¢, a basic 
principle of electromagnetic theory says that V X E = —0B/odt. 
In this expression V X E is computed with rf held fixed and 
0B /ot is calculated with (x, y, z) fixed. Use Stokes’ Theorem to 
derive Faraday’s law, 


Pisa = ~& ff B-nao. 
ot 
5 


c 
where C represents a wire loop through which current flows 
counterclockwise with respect to the surface’s unit normal n, giv- 
ing rise to the voltage 

ge -dr 


(0s 


around C. The surface integral on the right side of the equation is 
called the magnetic flux, and S is any oriented surface with 
boundary C. 


Let 


_ GmM 


F= 
[r|* 


be the gravitational force field defined for r ~ 0. Use Gauss’s 
law in Section 16.8 to show that there is no continuously differen- 
tiable vector field H satisfying F = V X H. 
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17. 


18. 


19. 
20. 


If f(x, y, z) and g(x, y, z) are continuously differentiable scalar 
functions defined over the oriented surface S with boundary curve 
C, prove that 


ff x Vg) nda = ff Verde. 


s € 


Suppose that V-F, = V:F, and V X F, = V X £, over a 
region D enclosed by the oriented surface S with outward unit 
normal n and that F,\-n = F,:n on S. Prove that F, = F, 
throughout D. 


Prove or disprove that if V-F = O and V X F = 0, then F = 0. 


Let S be an oriented surface parametrized by r(u, v). Define the 
notation do = r, du X r,, dv so that do is a vector normal to the 


21. 


surface. Also, the magnitude do = |do| is the element of sur- 
face area (by Equation 5 in Section 16.5). Derive the identity 


do = (EG — F?)'? dudv 
where 


E=|r, and G = |r,|?. 


2 ene 
, F=Hrt_th, 


Show that the volume V of a region D in space enclosed by the 
oriented surface S with outward normal n satisfies the identity 


mea : 
va3 ffs ndo, 
5 


where r is the position vector of the point (x, y, z) in D. 


Chapter 16 | Technology Application Projects 


Mathematica/Maple Modules: 


Work in Conservative and Nonconservative Force Fields 
Explore integration over vector fields and experiment with conservative and nonconservative force functions along different paths in the field. 


How Can You Visualize Green’s Theorem? 
Explore integration over vector fields and use parametrizations to compute line integrals. Both forms of Green’s Theorem are explored. 


Visualizing and Interpreting the Divergence Theorem 
Verify the Divergence Theorem by formulating and evaluating certain divergence and surface integrals. 


Appendices 


A. l Real Numbers and the Real Line 


RULES FOR INEQUALITIES 


If a, b, and c are real numbers, then: 

la<ba>at+c<bte 

2a<baa-c<b-c 

3.a < bandc > 0 = ac < be 

4.a < bandc < 0 = be < ac 
Special case: a <b => —b <~—a 

5.a>035>0 


6. If a and b are both positive or both 


negative, thena <b => , < a 


This section reviews real numbers, inequalities, intervals, and absolute values. 


Real Numbers 


Much of calculus is based on properties of the real number system. Real numbers are 
numbers that can be expressed as decimals, such as 


oe 

3 = -0.75000... 
1 _ 933333 

p= 0. _ 
V2 = 1.4142... 


The dots . . . in each case indicate that the sequence of decimal digits goes on forever. Every 
conceivable decimal expansion represents a real number, although some numbers have two 
representations. For instance, the infinite decimals .999... and 1.000... represent the 
same real number 1. A similar statement holds for any number with an infinite tail of 9’s. 

The real numbers can be represented geometrically as points on a number line called 
the real line. 


I l 
-2 -1.3 0 
4 


| LI ae 


l | 
1 V2 2 30 4 


Wile 


The symbol R denotes either the real number system or, equivalently, the real line. 

The properties of the real number system fall into three categories: algebraic proper- 
ties, order properties, and completeness. The algebraic properties say that the real num- 
bers can be added, subtracted, multiplied, and divided (except by 0) to produce more real 
numbers under the usual rules of arithmetic. You can never divide by 0. 

The order properties of real numbers are given in Appendix 6. The useful rules at the 
left can be derived from them, where the symbol = means “implies.” 

Notice the rules for multiplying an inequality by a number. Multiplying by a positive 
number preserves the inequality; multiplying by a negative number reverses the inequality. 
Also, reciprocation reverses the inequality for numbers of the same sign. For example, 
2 <5 but—2 > —S5 and 1/2 > 1/5. 

The completeness property of the real number system is deeper and harder to define 
precisely. However, the property is essential to the idea of a limit (Chapter 2). Roughly 
speaking, it says that there are enough real numbers to “complete” the real number line, in 
the sense that there are no “holes” or “gaps” in it. Many theorems of calculus would fail if 
the real number system were not complete. The topic is best saved for a more advanced 


AP-1 


AP-2 


Appendices 


course, but Appendix 6 hints about what is involved and how the real numbers are 
constructed. 
We distinguish three special subsets of real numbers. 


1. The natural numbers, namely 1, 2,3,4,... 
2. The integers, namely 0, £1, £2, +3,... 


3. The rational numbers, namely the numbers that can be expressed in the form of a 
fraction m/n, where m and n are integers and n # 0. Examples are 


1 4-4. 4 200 37 
a gg age ag A 


The rational numbers are precisely the real numbers with decimal expansions that are 
either 


(a) terminating (ending in an infinite string of zeros), for example, 


; = 0.75000... = 0.75 or 
(b) eventually repeating (ending with a block of digits that repeats over and over), for 
example, 
23 = 2.090909... = 2.09 The bar indicates the block 
11 of repeating digits. 


A terminating decimal expansion is a special type of repeating decimal, since the ending 
zeros repeat. 

The set of rational numbers has all the algebraic and order properties of the real num- 
bers but lacks the completeness property. For example, there is no rational number whose 
square is 2; there is a “hole” in the rational line where \/2 should be. 

Real numbers that are not rational are called irrational numbers. They are character- 
ized by having nonterminating and nonrepeating decimal expansions. Examples are 
wr, V2, W/5, and logi)3. Since every decimal expansion represents a real number, it 
should be clear that there are infinitely many irrational numbers. Both rational and irratio- 
nal numbers are found arbitrarily close to any point on the real line. 

Set notation is very useful for specifying a particular subset of real numbers. A set is a 
collection of objects, and these objects are the elements of the set. If S is a set, the notation 
aeéS means that a is an element of S, and a ¢ S means that a is not an element of S. If $ 
and T are sets, then S U T is their union and consists of all elements belonging to either S$ 
or T (or to both S$ and 7). The intersection SMT consists of all elements belonging to 
both S and T. The empty set © is the set that contains no elements. For example, the inter- 
section of the rational numbers and the irrational numbers is the empty set. 

Some sets can be described by listing their elements in braces. For instance, the set A 
consisting of the natural numbers (or positive integers) less than 6 can be expressed as 


A= {1,2,3,4,5}. 
The entire set of integers is written as 
1.03.1, 222, 23.00.45 


Another way to describe a set is to enclose in braces a rule that generates all the ele- 
ments of the set. For instance, the set 


A = {x|x is an integer and 0 < x < 6} 


is the set of positive integers less than 6. 
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Intervals 


A subset of the real line is called an interval if it contains at least two numbers and con- 
tains all the real numbers lying between any two of its elements. For example, the set of all 
real numbers x such that x > 6 is an interval, as is the set of all x such that -2 = x = 5. 
The set of all nonzero real numbers is not an interval; since 0 is absent, the set fails to con- 
tain every real number between —1 and | (for example). 

Geometrically, intervals correspond to rays and line segments on the real line, along 
with the real line itself. Intervals of numbers corresponding to line segments are finite 
intervals; intervals corresponding to rays and the real line are infinite intervals. 

A finite interval is said to be closed if it contains both of its endpoints, half-open if it 
contains one endpoint but not the other, and open if it contains neither endpoint. The end- 
points are also called boundary points; they make up the interval’s boundary. The 
remaining points of the interval are interior points and together compose the interval’s 
interior. Infinite intervals are closed if they contain a finite endpoint, and open otherwise. 
The entire real line R is an infinite interval that is both open and closed. Table A.1 sum- 
marizes the various types of intervals. 


TABLE A.1 Types of intervals 


Notation Set description Type Picture 

(a, b) {xla<x <b} Open -_—.—  ——_—_ 
fa, b | {xjasx=b} Closed ———————————— Ct 
[ a, b) {xlasx<b} Half-open ——_— 
(a, b {xla<x=b} Half-open ———_ 
(a, &) {x|x > a} Open ’ «= 
[ a, 00) {x|x = a} Closed LE EE —— 
(—00, b) {x|x <b} Open a aa 
(—00, b] {x|x < b} Closed = >. 
(—©o, 00) R (set of all real Both open a =e 

numbers) and closed 


Solving Inequalities 
The process of finding the interval or intervals of numbers that satisfy an inequality in x is 


called solving the inequality. 


EXAMPLE 1 Solve the following inequalities and show their solution sets on the 
real line. 


(@) 2x-1<xt3) @-%<2+1 @ Dt =s5 
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FIGURE A.1 Solution sets for the in- 


equalities in Example 1. 


FIGURE A.2 Absolute values give 


distances between points on the number 


line. 


Solution 

(a) 2x-1<x+4+3 
2x<x+4 Add 1 to both sides. 
x<4 Subtract x from both sides. 


The solution set is the open interval (—0o, 4) (Figure A. 1a). 


(b) ae 
—x < 6x + 3 Multiply both sides by 3. 
0< 7x + 3 Add x to both sides. 
=3 < 7% Subtract 3 from both sides. 
3 B63 
7A ine 7 Divide by 7. 


The solution set is the open interval (-3/7, C0) (Figure A.1b). 

(c) The inequality 6/(« — 1) = 5 can hold only if x > 1, because otherwise 6/(x — 1) 
is undefined or negative. Therefore, (x — 1) is positive and the inequality will be pre- 
served if we multiply both sides by (x — 1), and we have 


x= I a 
6=5x-5 Multiply both sides by (x — 1). 
11 = 5x Add 5 to both sides. 
u = xX. oOrr= 
The solution set is the half-open interval (1, 11/5] (Figure A. 1c). Oo 


Absolute Value 


The absolute value of a number x, denoted by |x , is defined by the formula 


x; x20 
=f 
=X: x <0. 


EXAMPLE 2 |3| = 3, |o| =0, |-5| =-C5)=5, |-|al| = lal 7 


Geometrically, the absolute value of x is the distance from x to 0 on the real number 
line. Since distances are always positive or 0, we see that |x| = 0 for every real number x, 
and |x| = 0 if and only if x = 0. Also, 


|x — y| = the distance between x and y 


on the real line (Figure A.2). 
Since the symbol Va always denotes the nonnegative square root of a, an alternate 
definition of |x| is 


Ix] = Ve 


It is important to remember that Va = lal. Do not write Va2 = a unless you already 
know that a = 0. 

The absolute value has the following properties. (You are asked to prove these proper- 
ties in the exercises.) 


Ik a >|< a >| 


Oo e | 
—a x 0 
k—|x|—| 


FIGURE A.3 |x| < a means x lies 
between —a and a. 
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80 
v 


If ais any positive number, then 
5.|x)} =a @& x= ta 


6.|x]} <<a —& -a<x<a 
7.|x] >a —& x>aorx<-a 
8.|x]) <a @& -asxea 
9. |x] =a & xZzaorx = -a 
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Absolute Value Properties 


1. |-a| = |a| A number and its additive inverse or negative 
have the same absolute value. 
2. |ab| = |al|d| The absolute value of a product is the product of 
the absolute values. 
3, |4| = Jal The absolute value of a quotient is the quotient of 
"|b |b| the absolute values. 
4. |a+ b| = |a| + |d| The triangle inequality. The absolute value of 


the sum of two numbers is less than or equal to 
the sum of their absolute values. 


Note that |—a| # —|a|. For example, |—3| = 3, whereas —|3| = —3. If a and b dif- 
fer in sign, then |a + b| is less than |a| + |b|. In all other cases, |a + b| equals 
|a| + |b|. Absolute value bars in expressions like |—3 + 5| work like parentheses: We 
do the arithmetic inside before taking the absolute value. 


EXAMPLE 3 
|-3 + 5| = |2| =2 < |-3] + |5| =8 
[3 + 5| = |8| = [3] + [5] 
|-3 — 5| = |-8| = 8 = |-3]| + |-5| | 


The inequality |x| <a says that the distance from x to 0 is less than the positive 
number a. This means that x must lie between —a and a, as we can see from Figure A.3. 

The statements in the table are all consequences of the definition of absolute value 
and are often helpful when solving equations or inequalities involving absolute values. 

The symbol = is often used by mathematicians to denote the “if and only if” logical 
relationship. It also means “implies and is implied by.” 


EXAMPLE 4 _ Solve the equation |2x — 3| = 7. 


Solution By Property 5, 2x — 3 = +7, so there are two possibilities: 


243 = 7 x= 37 Equivalent equations without absolute values 
2x = 10 2x = —4 Solve as usual. 
x=5 x=-2 
The solutions of |2x = 3| = 7arex = 5S andx = —2. a 
EXAMPLE 5 Solve the inequality s = z <1 
Solution We have 
2 2 
5-7) <le-1<5-5;<1 Property 6 
2 
=-6< x < —4 Subtract 5. 
1 ‘ 1 
@e3>,>2 Multiply by = 
S u <x< Lf Take reciprocals. 
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Notice how the various rules for inequalities were used here. Multiplying by a negative 
number reverses the inequality. So does taking reciprocals in an inequality in which both 
sides are positive. The original inequality holds if and only if (1/3) < x < (1/2). The 
solution set is the open interval (1/3, 1/2). a 


Exercises 


1. Express 1/9 as a repeating decimal, using a bar to indicate the 
repeating digits. What are the decimal representations of 2/9? 
3/92 8/92 9/92 

2. If 2 < x < 6, which of the following statements about x are nec- 
essarily true, and which are not necessarily true? 


a O0O<x<4 b O<x-2<4 


x 1 1 1 
ce 1<5<3 d. 6 <x <9 
6 
e173 f. |x -—4| <2 


g. -6<—-x<2 h. -6 <—x <-2 


In Exercises 3-6, solve the inequalities and show the solution sets on 
the real line. 


3. -—2x > 4 4. 5x-357- 3x 


1 7 4 1 
5. 2x y= Xt e 6. 5 <3 6) 
Solve the equations in Exercises 7-9. 

7. |y| =3 


8. |2r+5| =4 9. |8 — 3s] = 3 


Solve the inequalities in Exercises 10-17, expressing the solution sets 
as intervals or unions of intervals. Also, show each solution set on the 
real line. 


10. |x| <2 11. |t-1| =3 12. |3y —7| <4 
i (2-1)2% a les4te2 45, los/ea 
(2 + <3 ; 

a ee | 17. rat oy 


A? Mathematical Induction 


Many formulas, like 


Solve the inequalities in Exercises 18-21. Express the solution sets as 
intervals or unions of intervals and show them on the real line. Use the 
result Va? = |a| as appropriate. 


18. x? <2 
20. (x — 12 <4 


22. Do not fall into the trap of thinking |—a| = a. For what real 
numbers a is this equation true? For what real numbers is it false? 


19.4<7<9 
21. x2? -—x <0 


23. Solve the equation |x — 1] = 1 — x. 


24. A proof of the triangle inequality Give the reason justifying 
each of the numbered steps in the following proof of the triangle 


inequality. 

Ja + bl? = (a + bY () 
=a + 2abt+ b 
<a? + 2\a\|b| + b? (2) 
= |al? + 2lal]d] + [>| (3) 
= (Jal + [5]? 

ja + b| = al + I2| (4) 

25. Prove that |ab| = |a||b| for any numbers a and b. 


26. If |x| < 3 and x > —1/2, what can you say about x? 
27. Graph the inequality |x| + |y| < 1. 
28. For any number a, prove that |—a| = |al. 


29. Let a be any positive number. Prove that |x| > a if and only if 
x > aorx < —a. 


30. a. If b is any nonzero real number, prove that |1/b| = 1/|b|. 


a 
b. Prove that -< for any numbers a and b # 0. 
n(n + 1) 
bb 2 ae tn = 


2 


can be shown to hold for every positive integer n by applying an axiom called the mathe- 
matical induction principle. A proof that uses this axiom is called a proof by mathematical 
induction or a proof by induction. 

The steps in proving a formula by induction are the following: 


1. Check that the formula holds for n = 1. 


2. Prove that if the formula holds for any positive integer n = k, then it also holds for 
the next integer,n = k + 1. 
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The induction axiom says that once these steps are completed, the formula holds for all 
positive integers n. By Step 1 it holds for n = 1. By Step 2 it holds for n = 2, and there- 
fore by Step 2 also for n = 3, and by Step 2 again for n = 4, and so on. If the first domino 
falls, and the kth domino always knocks over the (k + 1)st when it falls, all the dominoes 
fall. 

From another point of view, suppose we have a sequence of statements S$}, S5,...,5,,..., 
one for each positive integer. Suppose we can show that assuming any one of the statements 
to be true implies that the next statement in line is true. Suppose that we can also show that 
S; is true. Then we may conclude that the statements are true from S, on. 


EXAMPLE 1 Use mathematical induction to prove that for every positive integer n, 


n(n + 1) 


be Do tye 


Solution We accomplish the proof by carrying out the two steps above. 
1. The formula holds for n = 1 because 
i= 1d + 1) 
= 5 : 
2. If the formula holds for n = k, does it also hold for n = k + 1? The answer is yes, as 
we now show. If 


k(k + 1) 
1+2+-+-+k=—{—, 
a 
then 
kk +1 2 
i¢¢bus bhoee pe ; se atyuk a 
_—k&+tDE+2) K&+DE+D+ED 
2 2 


The last expression in this string of equalities is the expression n(n + 1)/2 for 
n= (k+ 1). 


The mathematical induction principle now guarantees the original formula for all 
positive integers n. Oo 


In Example 4 of Section 5.2 we gave another proof for the formula giving the sum of 
the first n integers. However, proof by mathematical induction is more general. It can be 
used to find the sums of the squares and cubes of the first n integers (Exercises 9 and 10). 
Here is another example. 


EXAMPLE 2 Show by mathematical induction that for all positive integers n, 


Solution We accomplish the proof by carrying out the two steps of mathematical 
induction. 


1. The formula holds for n = 1 because 


1 1 


2) Q' 
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2. If 
ot += 1-5 
then 
3 + 2 Feet 7 7 wei | 5k 7 sei 1 ae 7 wei 
1 wi im sei == _ 


Thus, the original formula holds for n = (k + 1) whenever it holds for n = k. 


With these steps verified, the mathematical induction principle now guarantees the 
formula for every positive integer n. a 


Other Starting Integers 


Instead of starting at n = | some induction arguments start at another integer. The steps 
for such an argument are as follows. 


1. Check that the formula holds for n = n, (the first appropriate integer). 


2. Prove that if the formula holds for any integer n = k = ny, then it also holds for 
n= (k + 1). 


Once these steps are completed, the mathematical induction principle guarantees the for- 
mula for alln = n,. 


EXAMPLE 3 Show that n! > 3” if nis large enough. 


Solution How large is large enough? We experiment: 


n 1 2 3 4 5 6 7 
n! 1 2 6 24 120 720 5040 
3” 3 9 27 81 243 729 2187 


It looks as if n! > 3” for n = 7. To be sure, we apply mathematical induction. We take 
n, = 7 in Step 1 and complete Step 2. 
Suppose k! > 3* for some k = 7. Then 


(k+ I! =(k + DK) > K+ 13k > 73% > BEE, 
Thus, for k = 7, 
k! > 3* implies (k + 1)! > 3**1, 


The mathematical induction principle now guarantees n! = 3” for all n = 7. o 


Proof of the Derivative Sum Rule for Sums of Finitely Many 
Functions 


We prove the statement 


a 4 He Actor ae a a 
dx “1 7 2 Mn dx dx dx 
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A.2 Mathematical Induction 


by mathematical induction. The statement is true for n = 2, as was proved in Section 3.3. 
This is Step 1 of the induction proof. 

Step 2 is to show that if the statement is true for any positive integer n = k, where 
k = no = 2, then it is also true for n = k + 1. So suppose that 


Then 


+ a = du, duy i de du, 1 
MW) oe + de dx” (1) 
d 
dy at Me Fo a Mer) 
Call the function Call this 
defined by this sum u. function v. 
du d 
£ ++ > +u) + —- Sum Rule for 7 lu ta) 
du, du 4 du, duj+1 
SS a ae at : Eq. (1 
dx dx dx dx aM) 


With these steps verified, the mathematical induction principle now guarantees the 
Sum Rule for every integer n = 2. 


Exercises 


1. Assuming that the triangle inequality |a + b| = |a| + |b] holds 


for any two numbers a and b, show that 
|x + oxy + hee ro | = |x| + |x| aR ae |x, 


for any n numbers. 
. Show that if r # 1, then 


2 pnt 
l+rt+r4 ae al a2 
1l—r 
for every positive integer n. 
. Use the Product Rule, 7 (uv) = ie t ye and the fact that 
dx dx dx 


= (x) = 1 to show that “ (x”) = nx"! for every positive inte- 


gern. 


. Suppose that a function f(x) has the property that f(x,x%) = 
f(x) + f(x) for any two positive numbers x, and x,. Show that 


F(X % aac X,) = F(X) t f(x) Pe) Ss F(X) 
for the product of any n positive numbers x), %2,...,Xp- 
. Show that 
DS De os wt De 1 1 
3! : 32 : ! 32 3n 


for all positive integers n. 


6 
7 
8 
9 


10. 


11. 


12. 


. Show that n! > rn? if n is large enough. 


. Show that 2” > rn? if n is large enough. 


. Show that 2” = 1/8 forn = —3. 


. Sums of squares 
positive integers is 


Show that the sum of the squares of the first n 


n(n + sa + 1) 


3 
Sums of cubes Show that the sum of the cubes of the first n 
positive integers is (n(n + 1)/2)?. 


Rules for finite sums Show that the following finite sum rules 
hold for every positive integer n. (See Section 5.2.) 


a. Ya +b) = Ya + dh 
1 eA 1 

b. Sa — bi) = Dae — Dh 
ei f=1 k=1 


n n 
c. > Ca =c* > a; (any number c) 
k=1 k=1 


n 


d. » aq, = n-c_ (if a; has the constant value c) 
i=l 


Show that |x”| = |x|” for every positive integer n and every real 
number x. 
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A.3 Lines, Circles, and Parabolas 


b Bipeeetaes @ P(a, b) 
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FIGURE A.4_ Cartesian coordinates in 
the plane are based on two perpendicular 


axes intersecting at the origin. 


HISTORICAL BIOGRAPHY 
René Descartes 


(1596-1650) 
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FIGURE A.5 Points labeled in the 
xy-coordinate or Cartesian plane. The points 


on the axes all have coordinate pairs but 


are usually labeled with single real num- 


bers, (so (1, 0) on the x-axis is labeled as 


1). Notice the coordinate sign patterns of 


the quadrants. 


This section reviews coordinates, lines, distance, circles, and parabolas in the plane. The 
notion of increment is also discussed. 


Cartesian Coordinates in the Plane 


In Appendix | we identified the points on the line with real numbers by assigning them 
coordinates. Points in the plane can be identified with ordered pairs of real numbers. To 
begin, we draw two perpendicular coordinate lines that intersect at the 0-point of each 
line. These lines are called coordinate axes in the plane. On the horizontal x-axis, num- 
bers are denoted by x and increase to the right. On the vertical y-axis, numbers are 
denoted by y and increase upward (Figure A.4). Thus “upward” and “to the right” are 
positive directions, whereas “downward” and “to the left” are considered negative. The 
origin O, also labeled 0, of the coordinate system is the point in the plane where x and y 
are both zero. 

If P is any point in the plane, it can be located by exactly one ordered pair of real 
numbers in the following way. Draw lines through P perpendicular to the two coordinate 
axes. These lines intersect the axes at points with coordinates a and b (Figure A.4). The 
ordered pair (a, b) is assigned to the point P and is called its coordinate pair. The first 
number a is the x-coordinate (or abscissa) of P; the second number D is the y-coordinate 
(or ordinate) of P. The x-coordinate of every point on the y-axis is 0. The y-coordinate of 
every point on the x-axis is 0. The origin is the point (0, 0). 

Starting with an ordered pair (a, b), we can reverse the process and arrive at a corre- 
sponding point P in the plane. Often we identify P with the ordered pair and write P(a, b). 
We sometimes also refer to “the point (a, b)” and it will be clear from the context when 
(a, b) refers to a point in the plane and not to an open interval on the real line. Several 
points labeled by their coordinates are shown in Figure A.5. 

This coordinate system is called the rectangular coordinate system or Cartesian 
coordinate system (after the sixteenth-century French mathematician René Descartes). 
The coordinate axes of this coordinate or Cartesian plane divide the plane into four regions 
called quadrants, numbered counterclockwise as shown in Figure A.5. 

The graph of an equation or inequality in the variables x and y is the set of all points 
P(x, y) in the plane whose coordinates satisfy the equation or inequality. When we plot 
data in the coordinate plane or graph formulas whose variables have different units of mea- 
sure, we do not need to use the same scale on the two axes. If we plot time vs. thrust for a 
rocket motor, for example, there is no reason to place the mark that shows | sec on the 
time axis the same distance from the origin as the mark that shows | lb on the thrust axis. 

Usually when we graph functions whose variables do not represent physical measure- 
ments and when we draw figures in the coordinate plane to study their geometry and trigo- 
nometry, we try to make the scales on the axes identical. A vertical unit of distance then 
looks the same as a horizontal unit. As on a surveyor’s map or a scale drawing, line seg- 
ments that are supposed to have the same length will look as if they do and angles that are 
supposed to be congruent will look congruent. 

Computer displays and calculator displays are another matter. The vertical and hori- 
zontal scales on machine-generated graphs usually differ, and there are corresponding 
distortions in distances, slopes, and angles. Circles may look like ellipses, rectangles may 
look like squares, right angles may appear to be acute or obtuse, and so on. We discuss 
these displays and distortions in greater detail in Section 1.4. 


Increments and Straight Lines 


When a particle moves from one point in the plane to another, the net changes in its coor- 
dinates are called increments. They are calculated by subtracting the coordinates of the 


i C(5, 6) 
6F 
B(2,5 
al, (2,5) 
=| Aya =e, 
3b Ax =0 
Abr 
Ay=8 
1F 
D6, 1) 
i i 
(| 4-9 344.5" 
<2 
3b A(4, —3) 
(2,-3) \ 
Ax = =2 


FIGURE A.6 Coordinate increments 
may be positive, negative, or zero 
(Example 1). 
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FIGURE A.7_ Triangles P, QP, and 
P;'Q'Py' are similar, so the ratio of their 
sides has the same value for any two 
points on the line. This common value 
is the line’s slope. 
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starting point from the coordinates of the ending point. If x changes from x, to x», the 
increment in x is 


Ax = xX) — x,. 


EXAMPLE 1 In going from the point A(4, —3) to the point B(2, 5) the increments in 
the x- and y-coordinates are 


Ax =2-4=-2, Ay =5- (3) = 8. 
From C(5, 6) to D(5, 1) the coordinate increments are 
Ax =5-5=0, Ay =1-6=—-5. 
See Figure A.6. a 


Given two points P,(x;, y,) and P,(%, y2) in the plane, we call the increments 
Ax = x, — x, and Ay = y, — y, the run and the rise, respectively, between P, and P). 
Two such points always determine a unique straight line (usually called simply a line) 
passing through them both. We call the line P,P. 

Any nonvertical line in the plane has the property that the ratio 


has the same value for every choice of the two points P,(x;, y,) and P(x, yr) on the line 
(Figure A.7). This is because the ratios of corresponding sides for similar triangles are 
equal. 


DEFINITION The constant ratio 


rise Ay yw-y 
mn Ay 427 X 


is the slope of the nonvertical line P,P. 


The slope tells us the direction (uphill, downhill) and steepness of a line. A line with 
positive slope rises uphill to the right; one with negative slope falls downhill to the right 
(Figure A.8). The greater the absolute value of the slope, the more rapid the rise or fall. 
The slope of a vertical line is undefined. Since the run Ax is zero for a vertical line, we 
cannot form the slope ratio m. 

The direction and steepness of a line can also be measured with an angle. The angle 
of inclination of a line that crosses the x-axis is the smallest counterclockwise angle from 
the x-axis to the line (Figure A.9). The inclination of a horizontal line is 0°. The inclination 
of a vertical line is 90°. If d@ (the Greek letter phi) is the inclination of a line, then 
0 <= ¢ < 180°. 

The relationship between the slope m of a nonvertical line and the line’s angle of 
inclination @ is shown in Figure A.10: 


m = tand. 


Straight lines have relatively simple equations. All points on the vertical line through 
the point a on the x-axis have x-coordinates equal to a. Thus, x = a is an equation for the 
vertical line. Similarly, y = b is an equation for the horizontal line meeting the y-axis at b. 
(See Figure A.11.) 

We can write an equation for a nonvertical straight line L if we know its slope m and 
the coordinates of one point P,(x,, y,) on it. If P(x, y) is any other point on L, then we can 
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FIGURE A.8 The slope of L, is 
Ay 6-—(€2)_ 8 
Ax 3=0 3. 


m= 


That is, y increases 8 units every time x 
increases 3 units. The slope of L is 
Ap D3 3 

Ax 4-0 4° 


t= 


That is, y decreases 3 units every time x 
increases 4 units. 


Along this line, 


6 x=2 
5 = 
4b Along this line, 
y=3 
(2, 3) 
2 is 
1 Pita 
L L [ge 
0 1 3 4 


FIGURE A.11 The standard equa- 
tions for the vertical and horizontal lines 
through (2, 3) are x = 2 and y = 3. 


(—2, —1) 


FIGURE A.12_ The line in Example 3. 


use the two points P; and P to compute the slope, 


_y7 Yi 
KK, 


m 


so that 


yy = max — x), or y= y, + m(x — x)). 


The equation 
y=y + ma — x) 


is the point-slope equation of the line that passes through the point (x, y,) and 
has slope m. 


wits \ this 
T +z > X 
/ 


_Z not this “not this ea 
FIGURE A.9 Angles of inclination FIGURE A.10 The slope of a nonvertical 
are measured counterclockwise from line is the tangent of its angle of inclination. 
the x-axis. 


EXAMPLE 2 Write an equation for the line through the point (2, 3) with slope —3/2. 


Solution We substitute x, = 2, y, = 3, and m = —3/2 into the point-slope equation 
and obtain 
a au 
y=3 2 (= 2), or y ax + 6. 
When x = 0, y = 6 so the line intersects the y-axis at y = 6. o 


EXAMPLE 3 Write an equation for the line through (—2, —1) and (3, 4). 


Solution The line’s slope is 


Jal=4_ > 
=253 - 5 


I, 


m 


We can use this slope with either of the two given points in the point-slope equation: 


With (x1, y) = (—2, —D With (x1, y,) = (3, 4) 
yoel+ Is — (2) y=4+4+ 1° - 3) 
yoealt xr? y=4+x-3 
y=xt1 Pi Fe 


Same result 


Either way, y = x + 1 is an equation for the line (Figure A.12). a 


FIGURE A.13 Line L has x-intercept 
a and y-intercept b. 


FIGURE A.14 AADC is similar to 
ACDB. Hence ¢;, is also the upper angle 
in ACDB. From the sides of ACDB, we 
read tang, = a/h. 
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The y-coordinate of the point where a nonvertical line intersects the y-axis is called 
the y-intercept of the line. Similarly, the x-intercept of a nonhorizontal line is the x- 
coordinate of the point where it crosses the x-axis (Figure A.13). A line with slope m and 
y-intercept b passes through the point (0, 5), so it has equation 


y=b+mea— 0), or, more simply, y=mxt bd. 


The equation 
y=mxt+b 


is called the slope-intercept equation of the line with slope m and y-intercept b. 


Lines with equations of the form y = mx have y-intercept 0 and so pass through the 
origin. Equations of lines are called linear equations. 
The equation 


Ax + By=C (A and B not both 0) 


is called the general linear equation in x and y because its graph always represents a line 
and every line has an equation in this form (including lines with undefined slope). 


Parallel and Perpendicular Lines 


Lines that are parallel have equal angles of inclination, so they have the same slope (if they 
are not vertical). Conversely, lines with equal slopes have equal angles of inclination and 
so are parallel. 

If two nonvertical lines L, and L, are perpendicular, their slopes m, and my satisfy 


m,Mmy = —1, so each slope is the negative reciprocal of the other: 
aes ers 
mm, = My’ My my" 


To see this, notice by inspecting similar triangles in Figure A.14 that m, = a/h, and 
m, = —h/a. Hence, mym, = (a/h)(—-h/a) = —1. 


Distance and Circles in the Plane 


The distance between points in the plane is calculated with a formula that comes from the 
Pythagorean theorem (Figure A.15). 


y 


This distance is 


d \/ le x,|? +|y, y,|? 
Wee) oy Hy 


y2 


P(X, ¥1) 


FIGURE A.15 To calculate the distance between 
P(x, y,) and QQ, y>), apply the Pythagorean 
theorem to triangle PCQ. 
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P(x, y) 


(xh)? + (y— bP? =a? 


>X 


0 


FIGURE A.16_ A circle of radius a in the 
xy-plane, with center at (h, k). 


Distance Formula for Points in the Plane 
The distance between P(x), y,) and Q(%, ys) is 


d = V(Ax? + (Ay? = Vm — x)? + On — yD. 


EXAMPLE 4 
(a) The distance between P(—1, 2) and Q(3, 4) is 


VB—-(CbDy + 4 — 2Y = V4" + 2 = V20 = V4-5 = 2V5. 


(b) The distance from the origin to P(x, y) is 


Vix — 02 + G — 02 = Vx? + y?. | 


By definition, a circle of radius a is the set of all points P(x, y) whose distance from 
some center C(h, k) equals a (Figure A.16). From the distance formula, P lies on the circle 
if and only if 


Vix — hy? + Gy — bP =a, 


so 


(x — hy? + y= ky? = a’. (1) 


Equation (1) is the standard equation of a circle with center (h, k) and radius a. The cir- 
cle of radius a = 1 and centered at the origin is the unit circle with equation 


P+y=1. 


EXAMPLE 5 


(a) The standard equation for the circle of radius 2 centered at (3, 4) is 
(x-3P +0 - 4% = 2 =4. 
(b) The circle 
(«x -— 1)? + (y + 52% =3 


has h = 1,k = —5, and a = \/3. The center is the point (h, k) = (1,—5) and the 
radius isa = V3. Oo 


If an equation for a circle is not in standard form, we can find the circle’s center and 
radius by first converting the equation to standard form. The algebraic technique for doing 
so is completing the square. 


EXAMPLE 6 Find the center and radius of the circle 


x+y? + 4x - by —-3 =0. 


Dy 


+ Exterior: (x — h)>+ (y — bk)? > a? 


On: (x — hy? + (y— kb? = a? 


Interior: (x — h)? + (GV bk)? < a? 


i 


0 


FIGURE A.17 The interior and exterior 


of the circle (x krP=a. 


h 


he? + vy 


FIGURE A.18 The parabola y = x? 


(Example 7). 
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Solution We convert the equation to standard form by completing the squares in x and y: 


Start with the given equation. 
Gather terms. Move the con- 
stant to the right-hand side. 


x+y? + 4x - 6y —-3 =0 
(x? + 4x) + (? — 6y) = 3 


(eo (Je (0 ())- 


(x? + 4x + 4) + (y -6y+9)=34+44+9 
(x + 2° + (y — 3P = 16 


Add the square of half the 
coefficient of x to each side of the 
equation. Do the same for y. 

The parenthetical expressions on 
the left-hand side are now perfect 
squares. 


Write each quadratic as a squared 
linear expression. 


The center is (—2, 3) and the radius is a = 4. | 


The points (x, y) satisfying the inequality 
Ci FO =-hee 


make up the interior region of the circle with center (h, k) and radius a (Figure A.17). The 
circle’s exterior consists of the points (x, y) satisfying 


(x — h? + GW — ky > a. 


Parabolas 


The geometric definition and properties of general parabolas are reviewed in Chapter 11. 
Here we look at parabolas arising as the graphs of equations of the form y = ax” + bx + c. 


EXAMPLE 7 Consider the equation y = x”. Some points whose coordinates satisfy 
this equation are (0, 0), (1, 1), 33 ,(-1, 1), 2, 4), and (—2, 4). These points (and all 


others satisfying the equation) make up a smooth curve called a parabola (Figure A.18). 


The graph of an equation of the form 
y = ax’ 


is a parabola whose axis (axis of symmetry) is the y-axis. The parabola’s vertex (point where 
the parabola and axis cross) lies at the origin. The parabola opens upward if a > O and down- 
ward if a < 0. The larger the value of la , the narrower the parabola (Figure A.19). 
Generally, the graph of y = ax? + bx + ¢ is a shifted and scaled version of the 
parabola y = x”. We discuss shifting and scaling of graphs in more detail in Section 1.2. 


The Graph of y = ax? + bx +c, a #0 


The graph of the equation y = ax* + bx + c,a # 0, is a parabola. The parab- 
ola opens upward if a > O and downward if a < 0. The axis is the line 


x= -J. (2) 


The vertex of the parabola is the point where the axis and parabola intersect. Its 
x-coordinate is x = —b/2a; its y-coordinate is found by substituting x = —b/2a 
in the parabola’s equation. 
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Vertex at 
origin 


y 
‘A 


symmetry 


FIGURE A.19 Besides determining the 
direction in which the parabola y = ax” 


opens, the number a is a scaling factor. 


The parabola widens as a approaches zero 


and narrows as |a| becomes large. 


Vertex is ( 1. 


Point symmetric 
with y-intercept 


nN 


(—2, 4) 


Intercept at y = 4 


Intercepts at 
x= -—4andx=2 


>X 


FIGURE A.20 The parabola in Example 8. 


Notice that if a = 0, then we have y = bx + c, which is an equation for a line. The 
axis, given by Equation (2), can be found by completing the square. 


EXAMPLE 8 Graph the equation y = — 3x2 —xt+4., 
Solution Comparing the equation with y = ax? + bx + c we see that 
a=-5, b=-1, c=4. 


Since a < 0, the parabola opens downward. From Equation (2) the axis is the vertical line 


Ch 
2-1/2) 


b 
2a 


When x = —1, we have 


y=-ZCIP- CD +4= 


NI\o 


The vertex is (-1, 9/2). 
The x-intercepts are where y = 0: 


ie x+4=0 
wr+2x-8=0 
(x — 2)(x + 4) =0 
x= 2, x=-4 


We plot some points, sketch the axis, and use the direction of opening to complete the 
graph in Figure A.20. Oo 


Ellipses 


The geometric definition and properties of general ellipses are reviewed in Chapter 11. 
Here we relate them to circles. Although they are not the graphs of functions, circles can 
be stretched horizontally or vertically in the same way as the graphs of functions. The 
standard equation for a circle of radius r centered at the origin is 


xe + y? =r’, 


>< 


6 
nN 
cad 
ty 
oh 
S 
nN 
ll 
+ 
~ 


(a) circle 


Ly Tes | 


(b) ellipse,O<c<1 (c) ellipse, c > 1 


FIGURE A.21 Horizontal stretching or compression of a circle produces graphs of ellipses. 


y 
A 


T axis 


Center 


FIGURE A.22 Graph of the ellipse 


x2 


a 


2 


y 
+ B = 1,a > b, where the major 


axis is horizontal. 


Exercises 


Distance, Slopes, and Lines 
In Exercises 1 and 2, a particle moves from A to B in the coordinate information to graph the line. 

plane. Find the increments Ax and Ay in the particle’s coordinates. 16. 3x + 4y = 12 17. V2x — V3y = V6 
Also find the distance from A to B. 


1. 


3. 
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Substituting cx for x in the standard equation for a circle (Figure A.21) gives 
Cx + yr = Pr, (3) 


If 0 < c < 1, the graph of Equation (3) horizontally stretches the circle; if c > 1 the 
circle is compressed horizontally. In either case, the graph of Equation (3) is an ellipse 
(Figure A.21). Notice in Figure A.21 that the y-intercepts of all three graphs are always —r 
and r. In Figure A.21b, the line segment joining the points (+ r/c, 0) is called the major 
axis of the ellipse; the minor axis is the line segment joining (0, +r). The axes of the 
ellipse are reversed in Figure A.21c: The major axis is the line segment joining the points 
(0, +r), and the minor axis is the line segment joining the points (+r/c, 0). In both 
cases, the major axis is the longer line segment. 
If we divide both sides of Equation (3) by r?, we obtain 


2 2 
= 


re (4) 


x 
a: 
where a = r/c and b = r. If a > b, the major axis is horizontal; if a < b, the major axis 
is vertical. The center of the ellipse given by Equation (4) is the origin (Figure A.22). 
Substituting x — A for x, and y — k for y, in Equation (4) results in 
= WO = 
a b2 


i (5) 


Equation (5) is the standard equation of an ellipse with center at (h, k). 


In Exercises 16 and 17, find the line’s x- and y-intercepts and use this 


18. Is there anything special about the relationship between the lines 


A(-3,2), B(-1,—2) 2. A(—3.2,—2), B(—8.1, —2) Ax + By = C, and Bx — Ay = C)(A # 0,B #0)? Give rea- 
Describe the graphs of the equations in Exercises 3 and 4. sons for your answer. 
e+ty=l 42+ y <3 19. A particle starts at A(—2, 3) and its coordinates change by incre- 
. . ments Ax = 5, Ay = —6. Find its new position. 


Plot the points in Exercises 5 and 6 and find the slope (if any) of the 
line they determine. Also find the common slope (if any) of the lines 


perpendicular to line AB. 


5. 


A(=1, 2), -B@2,=1) 6. A(2, 3), 


20. The coordinates of a particle change by Ax = 5 and Ay = 6as it 
moves from A(x, y) to B(3, —3). Find x and y. 


Be1, 3) 


Circles 
In Exercises 7 and 8, find an equation for (a) the vertical line and (b) In Exercises 21-23, find an equation for the circle with the given 
the horizontal line through the given point. center C(h, k) and radius a. Then sketch the circle in the xy-plane. 
7. (-1,4/3) 8. (0, ~v2) Include the circle s center in your sketch. Also, label the circle’s x- 
and y-intercepts, if any, with their coordinate pairs. 
In Exercises 9-15, write an equation for each line described. 21. C(0,2), a=2 22. C(-1,5), a=. /10 
9. Passes through (—1, 1) with slope —1 23. c(-Vv3. —2) a=2 
10. P. through (3, 4) and (—2, 5 ' ‘ : : : 
asses tnrouatnt dee ¢ ) Graph the circles whose equations are given in Exercises 24-26. 
11. Has slope —5/4 and y-intercept 6 Label each circle’s center and intercepts (if any) with their coordinate 
12. Passes through (—12, —9) and has slope 0 pairs. 
13. Has y-intercept 4 and x-intercept —1 24. x? +y?+4x-4y+4=0 
14. Passes through (5, —1) and is parallel to the line 2x + Sy = 15 25. x2 + y? — 3y-4=0 26. x7 + y? — 4x + 4y = 0 
15. Passes through (4,10) and is perpendicular to the line 


6x — 3y = 5 


AP-18 Appendices 


Parabolas 
Graph the parabolas in Exercises 27-30. Label the vertex, axis, and 
intercepts in each case. 


V7. YH x= Be = 3 28. y = —x? + 4x 
29. y= x? — 6x — 5 30. y=prttaxt 
Inequalities 


Describe the regions defined by the inequalities and pairs of inequali- 
ties in Exercises 31-34. 


31. 
33. 
34. 
35. 


36. 


P+y>7 

P+y>i1, r+y<4 
r+yt+b6y<0, y>-3 

Write an inequality that describes the points that lie inside the 
circle with center (—2, 1) and radius V6. 


Write a pair of inequalities that describe the points that lie inside 
or on the circle with center (0, 0) and radius V2, and on or to the 
right of the vertical line through (1, 0). 


32. («x - 12+ y<4 


Theory and Examples 
In Exercises 37-40, graph the two equations and find the points at 
which the graphs intersect. 


37. 
39. 
40. 
41. 


42. 


43. 


yH2, P+ty=1 38. y-x=1, y=x? 
y=-x7, y=2-1 
VP+y=l1, @-lrty=1 


Insulation By measuring slopes in the figure, estimate the tem- 
perature change in degrees per inch for (a) the gypsum wallboard; 
(b) the fiberglass insulation; (c) the wood sheathing. 


80° 


70° ypsum_wallbo 


60° 


Air 
inside 
room 
40° fat 72°F e+ 


50° 


Air outside: 
at O°F 
30° 4 


Temperature (°F) 


20° 


10° -- 


0° 


¢ a 2 S a 8 €£ @ 
Distance through wall (inches) 


The temperature changes in the wall in Exercises 41 and 42. 


Insulation According to the figure in Exercise 41, which of the 
materials is the best insulator? The poorest? Explain. 


Pressure under water The pressure p experienced by a diver 
under water is related to the diver’s depth d by an equation of the 
form p = kd + 1 (Kaconstant). At the surface, the pressure is 1 
atmosphere. The pressure at 100 meters is about 10.94 atmo- 
spheres. Find the pressure at 50 meters. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


Reflected light A ray of light comes in along the line x + 
y = 1 from the second quadrant and reflects off the x-axis (see 
the accompanying figure). The angle of incidence is equal to the 
angle of reflection. Write an equation for the line along which the 
departing light travels. 


xty=1 


x 


Angle of | Angle of 
incidence | reflection 


The path of the light ray in Exercise 44. Angles of incidence and 
reflection are measured from the perpendicular. 


Fahrenheit vs. Celsius In the FC-plane, sketch the graph of the 
equation 


a 
C= 5 = 32) 


linking Fahrenheit and Celsius temperatures. On the same graph 
sketch the line C = F. Is there a temperature at which a Celsius 
thermometer gives the same numerical reading as a Fahrenheit 
thermometer? If so, find it. 


The Mt. Washington Cog Railway Civil engineers calculate 
the slope of roadbed as the ratio of the distance it rises or falls to 
the distance it runs horizontally. They call this ratio the grade 
of the roadbed, usually written as a percentage. Along the coast, 
commercial railroad grades are usually less than 2%. In the 
mountains, they may go as high as 4%. Highway grades are usu- 
ally less than 5%. 

The steepest part of the Mt. Washington Cog Railway in 
New Hampshire has an exceptional 37.1% grade. Along this part 
of the track, the seats in the front of the car are 14 ft above those in 
the rear. About how far apart are the front and rear rows of seats? 


By calculating the lengths of its sides, show that the triangle with 
vertices at the points A(1, 2), B(5, 5), and C(4, —2) is isosceles 
but not equilateral. 

Show that the triangle with vertices A(0, 0), B( 1, V3), and C(2, 0) 
is equilateral. 

Show that the points A(2,—1), BC, 3), and C(—3, 2) are vertices 
of a square, and find the fourth vertex. 


Three different parallelograms have vertices at (—1, 1), (2, 0), 
and (2, 3). Sketch them and find the coordinates of the fourth ver- 
tex of each. 


For what value of k is the line 2x + ky = 3 perpendicular to the 
line 4x + y = 1? For what value of k are the lines parallel? 


Midpoint of a line segment Show that the point with coordi- 


nates 
Xx; +X YW + WY 
2 °> 2 


is the midpoint of the line segment joining P(x,, y,) to Q(%, yo). 
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A.4 Proofs of Limit Theorems 


This appendix proves Theorem 1, Parts 2-5, and Theorem 4 from Section 2.2. 


THEOREM 1—Limit Laws If, M, c, and k are real numbers and 
lim f(x) = Land lim g(x) = M, then 

1. Sum Rule: lim (f@) + g@)) =L+M 

2. Difference Rule: lim (f(x) — g@)) =L-M 


3. Constant Multiple Rule: lim (k+ f(@)) = ke L 
4 


. Product Rule: lim (f(x)* g@)) = L+M 
x 
5. Quotient Rule: tim? = x, M#O0 
6. Power Rule: lim [f(@)]" = L', na positive integer 
7. Root Rule: lim V f(x) = VL = L'™, na positive integer 


(If n is even, we assume that lim f@~ =L>0.) 


We proved the Sum Rule in Section 2.3, and the Power and Root Rules are proved in 
more advanced texts. We obtain the Difference Rule by replacing g(x) by —g(x) and 
M by —M in the Sum Rule. The Constant Multiple Rule is the special case g(x) = k of the 
Product Rule. This leaves only the Product and Quotient Rules. 


Proof of the Limit Product Rule We show that for any « > 0 there exists a 6 > 0 
such that for all x in the intersection D of the domains of f and g, 


0<|x-cl<6 => |f@g@) — LM <e. 
Suppose then that € is a positive number, and write f(x) and g(x) as 
fa) =L+ F&)—-L), gx) = M + (g(x) — M). 
Multiply these expressions together and subtract LM: 
FO) +g) — LM = (L + (f(x) — L))(M + (g(x) — M)) — LM 
= LM + L(g(x) — M) + M(f(x) — L) 


+ (f(x) — L(g) — M) — LM 
= L(g(x) — M) + M(f(x) — L) + F@) — Li(g@) — M). (1) 


Since f and g have limits L and M as x — c, there exist positive numbers 6,, 55, 63, and 64 
such that for all x in D 


0< |x-c| <4, 
O< [x= cl < 6 
0 < |x -—c| <4, 
=, lac ae By 


[f(@) — L| < Ve/3 
|g@) — M| < Ve/3 
|f(x) — L| < €/(GC + |M|)) 
|e(x) — M| < €/((1 + |LI)). 


(2) 


Vdd 
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If we take 6 to be the smallest numbers 6, through 6,, the inequalities on the right-hand 
side of the Implications (2) will hold simultaneously for 0 < |x — c| < 6. Therefore, for 
all xin D,0 < |x — c| < 6 implies 
| f)+g(%) - L M| age on applied 
< |L||g) — M| + |M||f@ - L| + |f@) - L||e@ - M| 


=(1+ |L|) | g@x) _ M| + (1+ |M|)| fx) = L| + |f(x) _ L|| g(x) = M| 


< ; + : + Jivé =e. Values from (2) 


This completes the proof of the Limit Product Rule. Bi 


Proof of the Limit Quotient Rule We show that lim,_..(1/g(x)) = 1/M. We can 
then conclude that 


im? = im( : 


xc g(x) xc 


2S 
g(x) 


|b 


. _ | 1 
= lim f(x): lim =Ls4= 
) xc FC ) xc g(x) M 
by the Limit Product Rule. 
Let € > 0 be given. To show that lim,_..(1/g(x)) = 1/M, we need to show that there 
exists a 6 > 0 such that for all x 


1 1 


0< |x =e] <6 => I - tl <e 


Since |M | > 0, there exists a positive number 6, such that for all x 


0<|x-cl<8 = Ie@) - M| < %. (3) 


For any numbers A and B it can be shown that |A| = |B| = |A = Bl and |B| = |A| = 
|A = Bl, from which it follows that | |A| = |B| | = | A = Bl. With A = g(x) and 
B = MM, this becomes 


Ilg@)| — |M|| = |g@ - M, 


which can be combined with the inequality on the right in Implication (3) to get, in turn, 


|u| 
I] s@|-|M|| <=" 
2. |eo| — |M| a 
2 g 2 
|M 3|M| 
=a 2G)| a 
|M| < 2|e@)| < 3]M| 
Mg ee (4) 
Ig@| [Ml [go 
Therefore, 0 < |x — c| < 68, implies that 
1 1 M — g(x) 1 1 
= < . -IM 
Ea | = |“ecy | = Tag Jeo 7 8 
i 2 
5 ere eee |M = g(x)|. Inequality (4) (5) 


|m| || 
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Since (1/2) |M|*e > 0, there exists a number 5; > 0 such that for all x 
0< |x — c| <6 => |M _ 2(x)| < 5 (MI. (6) 


If we take 6 to be the smaller of 6; and 6, the conclusions in (5) and (6) both hold for all 
x such that 0 < |x — c| < 8 Combining these conclusions gives 


1 1 


0<|x-c| <6 - a <€. 


This concludes the proof of the Limit Quotient Rule. Oo 


THEOREM 4—The Sandwich Theorem Suppose that g(x) = f(x) = A(x) for 
all x in some open interval J containing c, except possibly at x = c itself. Sup- 
pose also that lim,... g(x) = lim,... A(x) = L. Then lim,..f@) = L. 


Proof for Right-Hand Limits Suppose lim,_,.. g(x) = lim,...(x~) = L. Then for 
any € > 0 there exists a 6 > O such that for all x the interval c < x < c + 6 is con- 
tained in J and the inequality implies 


L-e<ga)<Lte and L-e<hw® <Lte. 

These inequalities combine with the inequality g(x) = f(x) = h() to give 
L-e€<ga = fm s=h@®<Ltre, 
L-e<f(x)<Lte, 

—-e<f@—-L<e. 
Therefore, for all x, the inequality c < x < c + 6 implies | f(x) - L| <e, 
Proof for Left-Hand Limits Suppose lim,,.g(x) = lim,,.-h(x) = L. Then for 


any € > 0 there exists a 6 > O such that for all x the interval c — 6 < x < ¢ is con- 
tained in J and the inequality implies 


L-e<ga)<Lte and L-e<ha® <Lte. 
We conclude as before that for all x, c — 6 < x < c implies | f@ - L| <€. 


Proof for Two-Sided Limits If lim... g(x) = lim,..A(@) = L, then g(x) and h(x) 
both approach L as x >c* and as x >c; so lim,...f() = L and lim, f(x) = L. 


Hence lim,_,.. f(x) exists and equals L. 2 
Exercises 
1. Suppose that functions f(x), fo(x), and f3(x) have limits Lj, L>, 3. Use the fact that lim,—.x = c and the result of Exercise 2 to 
and L3, respectively, as x—>c. Show that their sum has limit show that lim,_,..x” = c” for any integer n > 1. 


L, + Ly, + L;. Use mathematical induction (Appendix 2) to gen- 
eralize this result to the sum of any finite number of functions. 


4. Limits of polynomials Use the fact that lim,_..(k) = & for any 
number k together with the results of Exercises 1 and 3 to show 


2. Use mathematical induction and the Limit Product Rule in Theo- that lim,_.. f(x) = f(c) for any polynomial function 
rem | to show that if functions f(x), f2(x), ..., f,(x) have limits 
L,,Ly,...,L, as x— ce, then F(X) = yx" + ay—yx” 1 + +++ + ayx + ay. 


Timm f (2) + fo(2) + +++ + fal) = Lys Lge +++ + Ly. 
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5. Limits of rational functions Use Theorem 1 and the result of tions is continuous. Reconstruct the proof from the diagram. The 
Exercise 4 to show that if f(x) and g(x) are polynomial functions statement to be proved is this: If f is continuous at x = c and g is 
and g(c) # 0, then continuous at f(c), then g° f is continuous at c. 


Assume that c is an interior point of the domain of f and that 
f(c) is an interior point of the domain of g. This will make the 
limits involved two-sided. (The arguments for the cases that 
6. Composites of continuous functions Figure A.23 gives the involve one-sided limits are similar.) 
diagram for a proof that the composite of two continuous func- 


nf) _ £0) 
xc G(X) ~— gc) 


got 
a g 
& 3 a 5, 8 a og 
aa ae ge ar ae 


FIGURE A.23 The diagram for a proof that the composite of two continuous func- 
tions is continuous. 


A.5 Commonly Occurring Limits 


This appendix verifies limits (4)-(6) in Theorem 5 of Section 10.1. 


Limit 4: If |x| < 1, lim x” = 0 Weneed to show that to each e > 0 there corresponds 
n->oo 


an integer N so large that |x”| < e for all n greater than N. Since €!/"— 1, while |x| < 1, 
there exists an integer N for which €!/" > |x|. In other words, 


[ae | ae ee ee (1) 
This is the integer we seek because, if |x| < 1, then 
|x| < |x*| foralln > N. (2) 


Combining (1) and (2) produces |x| < € forall n > N, concluding the proof. a 


n 
Limit 5: For any number x, lim (1 + x) = e* Let 


noo 


Then 


Ina, = in(1 + *) = nin(1 + S)ax 


as we can see by the following application of l’H6pital’s Rule, in which we differentiate 
with respect to n: 


Indl + x/n 
Himmin (1+ 4) = tim ae 


n—oo n—0oo 1/n 
1_s\(_*x 
= 1 +x/n wy i xX 
fa —1/r2 pe + x/n - 
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n 
Limit 6: For any number x, lim*- = 0 __ Since 
no Nn! 


n h |x|" 
=> = 


x x| 
n! n\ ’ 


|x| 


n! 


all we need to show is that Eg /n!— 0. We can then apply the Sandwich Theorem for 
Sequences (Section 10.1, Theorem 2) to conclude that x”/n! — 0. 

The first step in showing that |x|"/n! — 0 is to choose an integer M > |x|, so that 
(|x|/M) < 1. By Limit 4, just proved, we then have (|x|/M)" — 0. We then restrict our 
attention to values of n > M. For these values of n, we can write 


|x|" |x|" 


nl 1-2---)*M-(M+ 1)-(M + 2): -:- en 


(n — M) factors 


xf" ft ae 


~ Mim“! MIM" M!\M 
Thus, 


Os al < acy 


nt! M!\M 


Now, the constant M”/M! does not change as n increases. Thus the Sandwich Theorem 
tells us that |x|"/n! — 0 because (|x| /M)" > 0. = 


A.6 Theory of the Real Numbers 


A rigorous development of calculus is based on properties of the real numbers. Many 
results about functions, derivatives, and integrals would be false if stated for functions 
defined only on the rational numbers. In this appendix we briefly examine some basic con- 
cepts of the theory of the reals that hint at what might be learned in a deeper, more theo- 
retical study of calculus. 

Three types of properties make the real numbers what they are. These are the alge- 
braic, order, and completeness properties. The algebraic properties involve addition and 
multiplication, subtraction and division. They apply to rational or complex numbers as 
well as to the reals. 

The structure of numbers is built around a set with addition and multiplication opera- 
tions. The following properties are required of addition and multiplication. 


Al a+(b+c)=(a+b) +c foralla, b,c. 

A2 a+b=b+4+ aforalla, b. 

A3 There is a number called “0” such that a + 0 = a for alla. 
A4 For each number a, there is a b such that a + b = 0. 

M1 _—a(bc) = (ab)c for all a, b, c. 

M2 ab = ba for alla, b. 

M3 _ There is a number called “1” such that a+ 1 = a for alla. 
M4 _ For each nonzero a, there is a b such that ab = 1. 

D ab + c) = ab + ac for alla, b,c. 


AP-24 Appendices 


FIGURE A.24 The maximum value 
of y = x — x° on [0,1] occurs at the 
irrational number x = V 1/3. 


Al and M1 are associative laws, A2 and M2 are commutativity laws, A3 and M3 are 
identity laws, and D is the distributive law. Sets that have these algebraic properties are 
examples of fields, and are studied in depth in the area of theoretical mathematics called 
abstract algebra. 

The order properties allow us to compare the size of any two numbers. The order 
properties are 


O1 For any a and b, either a = b or b = a or both. 
02 Ifa = bandb = athena = b. 

O03 Ifa = bandb Sc thena Sc. 

O4 Ifasbthnat+csbrte. 

O5 Ifa = bandO Sc thenac S be. 


O3 is the transitivity law, and O4 and O5 relate ordering to addition and multiplication. 

We can order the reals, the integers, and the rational numbers, but we cannot order the 
complex numbers. There is no reasonable way to decide whether a number like i = Vr1 
is bigger or smaller than zero. A field in which the size of any two elements can be com- 
pared as above is called an ordered field. Both the rational numbers and the real numbers 
are ordered fields, and there are many others. 

We can think of real numbers geometrically, lining them up as points on a line. The 
completeness property says that the real numbers correspond to all points on the line, 
with no “holes” or “gaps.” The rationals, in contrast, omit points such as \/2 and zr, and 
the integers even leave out fractions like | /2. The reals, having the completeness property, 
omit no points. 

What exactly do we mean by this vague idea of missing holes? To answer this we 
must give a more precise description of completeness. A number / is an upper bound for 
a set of numbers if all numbers in the set are smaller than or equal to M. M is a least upper 
bound if it is the smallest upper bound. For example, M = 2 is an upper bound for the 
negative numbers. So is M = 1, showing that 2 is not a least upper bound. The least upper 
bound for the set of negative numbers is M = 0. We define a complete ordered field to be 
one in which every nonempty set bounded above has a least upper bound. 

If we work with just the rational numbers, the set of numbers less than V2 is 
bounded, but it does not have a rational least upper bound, since any rational upper bound 
M can be replaced by a slightly smaller rational number that is still larger than V2. So the 
rationals are not complete. In the real numbers, a set that is bounded above always has a 
least upper bound. The reals are a complete ordered field. 

The completeness property is at the heart of many results in calculus. One example 
occurs when searching for a maximum value for a function on a closed interval [a, b] , as 
in Section 4.1. The function y = x — x? has a maximum value on [0, 1] at the point x 
satisfying 1 — 3x7 = 0, or x = V1/3. If we limited our consideration to functions 
defined only on rational numbers, we would have to conclude that the function has no 
maximum, since V 1/3 is irrational (Figure A.24). The Extreme Value Theorem (Section 
4.1), which implies that continuous functions on closed intervals [ a, b] have a maximum 
value, is not true for functions defined only on the rationals. 

The Intermediate Value Theorem implies that a continuous function f on an interval 
[a,b] with f(a) < 0 and f(b) > 0 must be zero somewhere in [a,b]. The function 
values cannot jump from negative to positive without there being some point x in [ a, b | 
where f(x) = 0. The Intermediate Value Theorem also relies on the completeness of the 
real numbers and is false for continuous functions defined only on the rationals. The func- 
tion f(x) = 3x? — 1 has f(0) = —1 and f(1) = 2, but if we consider f only on the ratio- 
nal numbers, it never equals zero. The only value of x for which f(x) = 0 is x = V1/3, 
an irrational number. 

We have captured the desired properties of the reals by saying that the real numbers 
are a complete ordered field. But we’re not quite finished. Greek mathematicians in the 
school of Pythagoras tried to impose another property on the numbers of the real line, the 
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condition that all numbers are ratios of integers. They learned that their effort was doomed 


when they discovered irrational numbers such as V2. How do we know that our efforts to 
specify the real numbers are not also flawed, for some unseen reason? The artist Escher 
drew optical illusions of spiral staircases that went up and up until they rejoined them- 
selves at the bottom. An engineer trying to build such a staircase would find that no struc- 
ture realized the plans the architect had drawn. Could it be that our design for the reals 
contains some subtle contradiction, and that no construction of such a number system can 
be made? 

We resolve this issue by giving a specific description of the real numbers and verify- 
ing that the algebraic, order, and completeness properties are satisfied in this model. This 
is called a construction of the reals, and just as stairs can be built with wood, stone, or 
steel, there are several approaches to constructing the reals. One construction treats the 
reals as all the infinite decimals, 


a.d,d,d3d,4 eee 


In this approach a real number is an integer a followed by a sequence of decimal digits 
d,, d>, d3,..., each between 0 and 9. This sequence may stop, or repeat in a periodic pat- 
tern, or keep going forever with no pattern. In this form, 2.00, 0.3333333... and 
3.1415926535898 ... represent three familiar real numbers. The real meaning of the dots 
“...” following these digits requires development of the theory of sequences and series, as 
in Chapter 10. Each real number is constructed as the limit of a sequence of rational numbers 
given by its finite decimal approximations. An infinite decimal is then the same as a series 


This decimal construction of the real numbers is not entirely straightforward. It’s easy 
enough to check that it gives numbers that satisfy the completeness and order properties, 
but verifying the algebraic properties is rather involved. Even adding or multiplying two 
numbers requires an infinite number of operations. Making sense of division requires a 
careful argument involving limits of rational approximations to infinite decimals. 

A different approach was taken by Richard Dedekind (1831-1916), a German mathe- 
matician, who gave the first rigorous construction of the real numbers in 1872. Given any 
real number x, we can divide the rational numbers into two sets: those less than or equal to 
x and those greater. Dedekind cleverly reversed this reasoning and defined a real number 
to be a division of the rational numbers into two such sets. This seems like a strange 
approach, but such indirect methods of constructing new structures from old are common 
in theoretical mathematics. 

These and other approaches can be used to construct a system of numbers having the 
desired algebraic, order, and completeness properties. A final issue that arises is whether 
all the constructions give the same thing. Is it possible that different constructions result in 
different number systems satisfying all the required properties? If yes, which of these is 
the real numbers? Fortunately, the answer turns out to be no. The reals are the only number 
system satisfying the algebraic, order, and completeness properties. 

Confusion about the nature of the numbers and about limits caused considerable con- 
troversy in the early development of calculus. Calculus pioneers such as Newton, Leibniz, 
and their successors, when looking at what happens to the difference quotient 


Ay  f@+ Ax) — f@) 
Ax Ax 


as each of Ay and Ax approach zero, talked about the resulting derivative being a quotient 
of two infinitely small quantities. These “infinitesimals,” written dx and dy, were thought 
to be some new kind of number, smaller than any fixed number but not zero. Similarly, a 
definite integral was thought of as a sum of an infinite number of infinitesimals 


F(x) + dx 
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as x varied over a closed interval. While the approximating difference quotients Ay/Ax 
were understood much as today, it was the quotient of infinitesimal quantities, rather than 
a limit, that was thought to encapsulate the meaning of the derivative. This way of thinking 
led to logical difficulties, as attempted definitions and manipulations of infinitesimals ran 
into contradictions and inconsistencies. The more concrete and computable difference 
quotients did not cause such trouble, but they were thought of merely as useful calculation 
tools. Difference quotients were used to work out the numerical value of the derivative and 
to derive general formulas for calculation, but were not considered to be at the heart of the 
question of what the derivative actually was. Today we realize that the logical problems 
associated with infinitesimals can be avoided by defining the derivative to be the limit of 
its approximating difference quotients. The ambiguities of the old approach are no longer 
present, and in the standard theory of calculus, infinitesimals are neither needed nor used. 


Complex numbers are expressed in the form a + ib, or a + bi, where a and b are real 
numbers and i is a symbol for V=1. Unfortunately, the words “real” and “imaginary” 
have connotations that somehow place ‘\V-1 ina less favorable position in our minds than 
\/2. As a matter of fact, a good deal of imagination, in the sense of inventiveness, has 
been required to construct the real number system, which forms the basis of the calculus 
(see Appendix 6). In this appendix we review the various stages of this invention. The fur- 
ther invention of a complex number system is then presented. 


The Development of the Real Numbers 


The earliest stage of number development was the recognition of the counting numbers 
1, 2,3,..., which we now call the natural numbers or the positive integers. Certain 
simple arithmetical operations, such as addition and multiplication, can be performed with 
these numbers without getting outside the system. By this we mean that if m and n are any 
positive integers, then 


m+n=p and mn = q (1) 


are also positive integers. Given the two positive integers on the left side of either equation 
in (1), we can find the corresponding positive integer on the right side. More than this, we 
can sometimes specify the positive integers m and p and find a positive integer n such that 
m + n = p. For instance, 3 + n = 7 can be solved when the only numbers we know are 
the positive integers. But the equation 7 + n = 3 cannot be solved unless the number 
system is enlarged. 

The number zero and the negative integers were invented to solve equations like 
7 + n = 3. Ina civilization that recognizes all the integers 


ee ye ee a ee (2) 


an educated person can always find the missing integer that solves the equation m + n = p 
when given the other two integers in the equation. 

Suppose our educated people also know how to multiply any two of the integers in the 
list (2). If, in Equations (1), they are given m and gq, they discover that sometimes they can 
find n and sometimes they cannot. Using their imagination, they may be inspired to invent 
still more numbers and introduce fractions, which are just ordered pairs m/n of integers m 
and n. The number zero has special properties that may bother them for a while, but they 
ultimately discover that it is handy to have all ratios of integers m/n, excluding only those 
having zero in the denominator. This system, called the set of rational numbers, is now 
rich enough for them to perform the rational operations of arithmetic: 


1 


FIGURE A.25 With a straightedge and 
compass, it is possible to construct a 
segment of irrational length. 
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1. (a) addition 2. (a) multiplication 
(b) subtraction (b) division 


on any two numbers in the system, except that they cannot divide by zero because it is 
meaningless. 

The geometry of the unit square (Figure A.25) and the Pythagorean theorem showed 
that they could construct a geometric line segment that, in terms of some basic unit of 
length, has length equal to \/2. Thus they could solve the equation 


r=2 


by a geometric construction. But then they discovered that the line segment representing 
\/2 is an incommensurable quantity. This means that \/2 cannot be expressed as the ratio 
of two integer multiples of some unit of length. That is, our educated people could not find 
a rational number solution of the equation x? = 2. 

There is no rational number whose square is 2. To see why, suppose that there were 
such a rational number. Then we could find integers p and g with no common factor other 
than 1, and such that 


p = 2¢. (3) 


Since p and q are integers, p must be even; otherwise its product with itself would be odd. 
In symbols, p = 2p,, where p, is an integer. This leads to 2p,” = q’, which says g must 
be even, say g = 2q,, where q, is an integer. This makes 2 a factor of both p and q, con- 
trary to our choice of p and q as integers with no common factor other than |. Hence there 
is no rational number whose square is 2. 

Although our educated people could not find a rational solution of the equation 
x? = 2, they could get a sequence of rational numbers 


1 7 41 239 
1’? 5’ 29” 169° *"*? 2 


whose squares form a sequence 


1 49 1681 57,121 5) 
1’? 25° 841’ 285617 °'"’ 


that converges to 2 as its limit. This time their imagination suggested that they needed the 
concept of a limit of a sequence of rational numbers. If we accept the fact that an increas- 
ing sequence that is bounded from above always approaches a limit (Theorem 6, Section 
10.1) and observe that the sequence in (4) has these properties, then we want it to have a 
limit L. This would also mean, from (5), that 2 = 2, and hence L is not one of our rational 
numbers. If to the rational numbers we further add the limits of all bounded increasing 
sequences of rational numbers, we arrive at the system of all “real” numbers. The word 
real is placed in quotes because there is nothing that is either “more real” or “less real” 
about this system than there is about any other mathematical system. 


The Complex Numbers 


Imagination was called upon at many stages during the development of the real number 
system. In fact, the art of invention was needed at least three times in constructing the sys- 
tems we have discussed so far: 


1. The first invented system: the set of all integers as constructed from the counting 
numbers. 


2. The second invented system: the set of rational numbers m/n as constructed from the 
integers. 


3. The third invented system: the set of all real numbers x as constructed from the ratio- 
nal numbers. 
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These invented systems form a hierarchy in which each system contains the previous 
system. Each system is also richer than its predecessor in that it permits additional opera- 
tions to be performed without going outside the system: 


1. Inthe system of all integers, we can solve all equations of the form 
x+a=0, (6) 
where a can be any integer. 
2. In the system of all rational numbers, we can solve all equations of the form 
ax+b=0, (7) 


provided a and b are rational numbers and a # 0. 


3. In the system of all real numbers, we can solve all of Equations (6) and (7) and, in 
addition, all quadratic equations 


ax? + bx +c=0 having a4#0 and b* — 4ac = 0. (8) 


You are probably familiar with the formula that gives the solutions of Equation (8), 
namely, 


Pa 


—b + Vb? — 4ac 


2a @) 


and are familiar with the further fact that when the discriminant, b* — 4ac, is negative, the 
solutions in Equation (9) do not belong to any of the systems discussed above. In fact, the 
very simple quadratic equation 


wr+1=0 


is impossible to solve if the only number systems that can be used are the three invented 
systems mentioned so far. 

Thus we come to the fourth invented system, the set of all complex numbers a + ib. 
We could dispense entirely with the symbol i and use the ordered pair notation (a, b). 
Since, under algebraic operations, the numbers a and b are treated somewhat differently, it 
is essential to keep the order straight. We therefore might say that the complex number 
system consists of the set of all ordered pairs of real numbers (a, b), together with the 
rules by which they are to be equated, added, multiplied, and so on, listed below. We will 
use both the (a, b) notation and the notation a + ib in the discussion that follows. We call 
a the real part and b the imaginary part of the complex number (a, b). 

We make the following definitions. 


Equality 

at+ib=c+ id Two complex numbers (a, b) 

if and only if and (c, d) are equal if and only 

a=candb=d. ifa = candb=d. 

Addition 

(a + ib) + (c + id) The sum of the two complex 
=(at+c)+ib+d) numbers (a, b) and (c, d) is the 

complex number (a + c,b + d). 
Multiplication 
(a + ib)(c + id) The product of two complex 


= (ac — bd) + i(ad + bce) numbers (a, b) and (c, d) is the complex 
number (ac — bd, ad + bc). 
c(a + ib) = ac + i(bc) The product of a real number c 


and the complex number (a, b) is 
the complex number (ac, bc). 
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The set of all complex numbers (a, b) in which the second number b is zero has all the 
properties of the set of real numbers a. For example, addition and multiplication of (a, 0) 
and (c, 0) give 


(a, 0) + (c,0) = (a + c, 0), 
(a, 0)*(c, 0) = (ac, 0), 


which are numbers of the same type with imaginary part equal to zero. Also, if we multi- 
ply a “real number” (a, 0) and the complex number (c, d), we get 


(a, 0) (c, d) = (ac, ad) = a(c, d). 


In particular, the complex number (0, 0) plays the role of zero in the complex number sys- 
tem, and the complex number (1, 0) plays the role of unity or one. 

The number pair (0, 1), which has real part equal to zero and imaginary part equal to 
one, has the property that its square, 


(0, 1), 1) = (1, 0), 


has real part equal to minus one and imaginary part equal to zero. Therefore, in the system 
of complex numbers (a, b) there is a number x = (0, 1) whose square can be added to 
unity = (1, 0) to produce zero = (0, 0), that is, 


(0, 1)? + C1, 0) = (0,0). 
The equation 
ert+1=0 


therefore has a solution x = (0, 1) in this new number system. 
You are probably more familiar with the a + ib notation than you are with the nota- 
tion (a, b). And since the laws of algebra for the ordered pairs enable us to write 


(a, b) = (a, 0) + (0, b) = aC, 0) + bO, 1), 


while (1, 0) behaves like unity and (0, 1) behaves like a square root of minus one, we need 
not hesitate to write a + ib in place of (a, b). The i associated with b is like a tracer ele- 
ment that tags the imaginary part of a + ib. We can pass at will from the realm of ordered 
pairs (a, b) to the realm of expressions a + ib, and conversely. But there is nothing less 
“real” about the symbol (0, 1) = 7 than there is about the symbol (1,0) = 1, once we 
have learned the laws of algebra in the complex number system of ordered pairs (a, b). 

To reduce any rational combination of complex numbers to a single complex number, 
we apply the laws of elementary algebra, replacing i? wherever it appears by —1. Of 
course, we cannot divide by the complex number (0,0) = 0 + i0. But if a + ib ¥ 0, 
then we may carry out a division as follows: 


ct+id — (c + ida — ib) _ (ac + bd) + i(ad — bc) 
a+ ib (a+ iba-— ib) eee 


The result is a complex number x + iy with 


x = et bd y = aa — be 
a+b? “ a+b’ 
and a? + b* # 0, since a + ib = (a, b) ¥ (0, 0). 
The number a — ib that is used as the multiplier to clear the 7 from the denominator is 
called the complex conjugate of a + ib. It is customary to use Z (read “z bar’’) to denote 
the complex conjugate of z; thus 


z=at ib, Z=a— ib. 


Multiplying the numerator and denominator of the fraction (c + id)/(a + ib) by the com- 
plex conjugate of the denominator will always replace the denominator by a real number. 
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FIGURE A.26 This Argand diagram 
represents z = x + iy both as a point 
P(x, y) and as a vector OP. 


The notation exp (A) also stands for e4. 


EXAMPLE 1 We give some illustrations of the arithmetic operations with complex 
numbers. 


(a) (2+ 3) + (6-2) =(2+6+3-22=8+i 
(b) 2+3) -6-2W=2-6+(3-(2VDi=-4+4+ 5i 
(c) (2 + 3i)(6 — 2i) = (2)(6) + (2\(—2i) + (i)(6) + (30(—22) 
= 12 — 4) + 181 — 62 = 12 + 14+ 6 = 18 + 14; 
(a) 243i _ 2+ 316 + 21 
6-21 6- 216+ 2i 
12 + 47 + 18i + 677 
~ 36 + 12% — 127 — 47 
_6+22 3, 11. 


40 ~ 20 20! 


Argand Diagrams 
There are two geometric representations of the complex number z = x + iy: 


1. as the point P(x, y) in the xy-plane 


2. as the vector OP from the origin to P. 


In each representation, the x-axis is called the real axis and the y-axis is the imaginary 
axis. Both representations are Argand diagrams for x + iy (Figure A.26). 
In terms of the polar coordinates of x and y, we have 


x = rcos 6, y=rsing, 
and 
z=x + iy = r(cosé + isin 8). (10) 


We define the absolute value of a complex number x + iy to be the length r of a vector 
OP from the origin to P(x, y). We denote the absolute value by vertical bars; thus, 


Re + iy| = Vx 4+ y?. 
If we always choose the polar coordinates r and @ so that r is nonnegative, then 
r= |x + iy|. 


The polar angle 6 is called the argument of z and is written 0 = arg z. Of course, any 
integer multiple of 277 may be added to 6 to produce another appropriate angle. 

The following equation gives a useful formula connecting a complex number z, its 
conjugate z, and its absolute value |z , namely, 


zrZ = |z|?. 


Euler’s Formula 
The identity 
e = cos@ + isin8@, 


called Euler’s formula, enables us to rewrite Equation (10) as 


z= re’, 
This formula, in turn, leads to the following rules for calculating products, quotients, pow- 
ers, and roots of complex numbers. It also leads to Argand diagrams for e’®. Since 
cos 6 + isin 6 is what we get from Equation (10) by taking r = 1, we can say that e” is 
represented by a unit vector that makes an angle @ with the positive x-axis, as shown in 
Figure A.27. 


£12 


FIGURE A.28 When z, and z are 
multiplied, 
arg (Z)%) = 0; + O. 


Z%| = "+r and 


=1 


n=V3-i 


FIGURE A.29 To multiply two complex 
numbers, multiply their absolute values 
and add their arguments. 
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, ia ya ar 
e” =cos@ + isin@ » e =cos@+isind 


(cos 0, sin 0) 


19 = agZ i) 


(a) (b) 


FIGURE A.27  Argand diagrams for e” = cos 6 + isin @ (a) asa 
vector and (b) as a point. 


Products 


To multiply two complex numbers, we multiply their absolute values and add their angles. 
Let 


z= ne, m= ne, (11) 
so that 
lal =n, arg Z; = 4; lal =n, arg Z) = 4). 
Then 
ZZ) = Nebte rele = ry rellr+0) 
and hence 


lazl = nn = lal-lzl (12) 
arg (2122) = 0; + 6) = arg z + arg 2. 

Thus, the product of two complex numbers is represented by a vector whose length is the 

product of the lengths of the two factors and whose argument is the sum of their arguments 

(Figure A.28). In particular, from Equation (12) a vector may be rotated counterclockwise 

through an angle @ by multiplying it by e’’. Multiplication by i rotates 90°, by —1 rotates 

180°, by —i rotates 270°, and so on. 


EXAMPLE 2 Let z; = 1 + i,m = V3 — i. We plot these complex numbers in an 
Argand diagram (Figure A.29) from which we read off the polar representations 


2 = V2ei7/4, a= eit /6, 


Then 
a= 2VEeup( FG) = 2vEeu0( (5) 
= 2V2 (cos ip + isin =) ~ 2.73 + 0.73i. - 
Quotients 


Suppose ~ # O in Equation (11). Then 
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Hence 


mn lz| 


20 es ec 2 = 
=A AT and are(2) 0, — 0) = arg z — arg Z. 


col 


That is, we divide lengths and subtract angles for the quotient of complex numbers. 


EXAMPLE 3 Let z, = 1 + iand z = V3 — i, as in Example 2. Then 


; im/4 ‘ 
i a V2e = V2 smi/2 = 0.707 oe + ae 
V3 8 Ie i7/6 2 12 7 
=~ 0.183 + 0.6837. = 


Powers 

If n is a positive integer, we may apply the product formulas in Equation (12) to find 
ZS Zee ett 8g. n factors 

With z = re’, we obtain 


On = pielG+or- ++ +80) seoummananee 


= rien (13) 


z" = (re 


The length r = |z| is raised to the nth power and the angle 6 = arg z is multiplied by n. 
If we take r = | in Equation (13), we obtain De Moivre’s Theorem. 


De Moivre’s Theorem 


(cos 6 + isin 8)" = cos nd + isin nd. (14) 


If we expand the left side of De Moivre’s equation above by the Binomial Theorem 
and reduce it to the form a + ib, we obtain formulas for cos n@ and sinn@ as polynomials 
of degree n in cos 6 and sin@. 


EXAMPLE 4 If n = 3 in Equation (14), we have 
(cos 6 + isin @)° = cos 30 + isin30. 
The left side of this equation expands to 
cos*@ + 3icos’@ sin @ — 3 cos @sin*@ — isin? 6. 


The real part of this must equal cos 30 and the imaginary part must equal sin30. 
Therefore, 


cos 30 = cos*@ — 3 cos @sin6, 


sin36 = 3cos?@ sin@ — sin°@. Hi 


Roots 


If z = re’ is a complex number different from zero and n is a positive integer, then there 
are precisely n different complex numbers wo, w), ..., W,—, that are nth roots of z. To see 
why, let w = pe’ be an nth root of z = re’, so that 


=< 


FIGURE A.30 The three cube roots of 


Lo re”, 


>< 


WoN at ee w3 
2==| 


FIGURE A.31 The four fourth roots 
of —16. 
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or 
prem” = re. 
Then 
= 
is the real, positive nth root of r. For the argument, although we cannot say that na and 0 
must be equal, we can say that they may differ only by an integer multiple of 277. That is, 


na = @ + 2ka, k= 0, 1,42, 2.25 


Therefore, 


0 2a 


= 7 tha 


Hence, all the nth roots of z = re’ are given by 


Vre® = V/r exp (3 + Az), = O.91,23. 2.2: (15) 


There might appear to be infinitely many different answers corresponding to the infi- 
nitely many possible values of k, but k = n + m gives the same answer as k = m in 
Equation (15). Thus, we need only take n consecutive values for k to obtain all the differ- 
ent nth roots of z. For convenience, we take 


k=0,1,2,....n—1. 


All the nth roots of re’ lie on a circle centered at the origin and having radius equal to 
the real, positive nth root of r. One of them has argument a = 0/n. The others are uni- 
formly spaced around the circle, each being separated from its neighbors by an angle 
equal to 27/n. Figure A.30 illustrates the placement of the three cube roots, wo, W;, W2, 


of the complex number z = re’. 


EXAMPLE 5 Find the four fourth roots of — 16. 


Solution As our first step, we plot the number — 16 in an Argand diagram (Figure A.31) 
and determine its polar representation re. Here, z = —16,r = +16, and 0 = 7. One of 
the fourth roots of 16e’” is 2e’”/4, We obtain others by successive additions of 27/4 = a/2 
to the argument of this first one. Hence, 
4 : (mw 30 Sar 77 
W16 exp iw = 2expil 7,777.7}, 
4° 4° 4’ 4 
and the four roots are 


Wy = 2 cos q + isin = V2.1 + i) 


w, = 2 aes i= = VxAR-1 + i) 


Wy = 2) cos 2% + isin 22 = VA 1- a’ 


HO coe Sean = V~1 — 3). | 
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The Fundamental Theorem of Algebra 


One might say that the invention of \/—1 is all well and good and leads to a number sys- 
tem that is richer than the real number system alone; but where will this process end? Are 
we also going to invent still more systems so as to obtain W-1, W/-1, and so on? But it 
turns out this is not necessary. These numbers are already expressible in terms of the com- 
plex number system a + ib. In fact, the Fundamental Theorem of Algebra says that with 
the introduction of the complex numbers we now have enough numbers to factor every 
polynomial into a product of linear factors and so enough numbers to solve every possible 


polynomial equation. 


A,Z" + Gy—12" | to... 


in which the coefficients ao, a, . . 
nis greater than or equal to one, and whose leading coefficient a, is not zero, has 
exactly n roots in the complex number system, provided each multiple root of 
multiplicity m is counted as m roots. 


The Fundamental Theorem of Algebra 
Every polynomial equation of the form 


+ az + dy = 0, 


. , a, are any complex numbers, whose degree 


A proof of this theorem can be found in almost any text on the theory of functions of a 


complex variable. 


Exercises 


Operations with Complex Numbers 
1. How computers multiply complex numbers — Find (a, b): (c, d) 
= (ac — bd, ad + be). 


a. (2, 3)+ (4, —2) 
G. 1-2)" (2,1) 


(This is how complex numbers are multiplied by computers.) 


b. (2,—1)+(—2, 3) 


2. Solve the following equations for the real numbers, x and y. 
a. (3 + 41)? — 2x iy) =x + iy 


1+i’?, 1 _,,, 
» (4) +o 1+i 


ce. (3 — 21x + iy) = 2x — iy) + 2-1 


Graphing and Geometry 
3. How may the following complex numbers be obtained from 
z = x + iy geometrically? Sketch. 


a. Z b. @z) 
GZ d. 1/z 


4. Show that the distance between the two points z, and z) in an 
Argand diagram is |zj) — Z|. 


In Exercises 5-10, graph the points z = x + iy that satisfy the given 
conditions. 


5.a.|z)=2 b. |zi<2 oc |z) >2 

6. |z—- 1] =2 7. |zt1[=1 

8. [z+ 1, = |z-1| 9 |z+ i) =|z-1| 
10. |z + 1| 


Il 


\V 


Iz| 


Express the complex numbers in Exercises 11-14 in the form re”, 
with r = 0 and —7 < 0 = a. Draw an Argand diagram for each 


calculation. 


iat, (eae? 2. 74 
ttiv3 

3. 14, (2 + 30 — 21) 
1 - iV3 


Powers and Roots 
Use De Moivre’s Theorem to express the trigonometric functions in 
Exercises 15 and 16 in terms of cos 6 and sin@. 


15. cos 40 16. sin46 

17. Find the three cube roots of 1. 

18. Find the two square roots of i. 

19. Find the three cube roots of —8i. 

20. Find the six sixth roots of 64. 

21. Find the four solutions of the equation z+ — 277 + 4 = 0. 
22. Find the six solutions of the equation 2° + 273 + 2 = 0. 
23. Find all solutions of the equation x* + 4x7 + 16 = 0. 
24. Solve the equation x* + 1 = 0. 

Theory and Examples 

25. Complex numbers and vectors in the plane Show with an 


Argand diagram that the law for adding complex numbers is the 
same as the parallelogram law for adding vectors. 


26. Complex arithmetic with conjugates Show that the conjugate 
of the sum (product, or quotient) of two complex numbers, z, and 
Z, is the same as the sum (product, or quotient) of their 
conjugates. 


27. Complex roots of polynomials with real coefficients come in 
complex-conjugate pairs 
a. Extend the results of Exercise 26 to show that f(z) = f(z) if 


(QS G,F Gal oro ae + ay 


is a polynomial with real coefficients do, ..., dy. 


b. If zis a root of the equation f(z) = 0, where f(z) is a 
polynomial with real coefficients as in part (a), show that 
the conjugate Z is also a root of the equation. (Hint: Let 
f(z) = u + iv = O; then both uw and v are zero. Use the fact 
that f(D = f(@ =u — iv.) 


28. 
29. 


30. 
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Absolute value of a conjugate Show that |z| = |z|. 


When z = z_ If z and Z are equal, what can you say about the 
location of the point z in the complex plane? 


Real and imaginary parts Let Re(z) denote the real part of z 
and Im(z) the imaginary part. Show that the following relations 
hold for any complex numbers z, z,, and z. 


a. z+ Z = 2Re(z) 

zZ— Z = 2iIm(z) 

[Re@| = |z| 

» lz + zl? = lal? + lz? + 2Re(ezZ) 


a 


lz. + z= lal + lz 


A.8 The Distributive Law for Vector Cross Products 


In this appendix we prove the Distributive Law 


uX(v+t+w)=uxXvt+uxXw, 


which is Property 2 in Section 12.4. 


Proof To derive the Distributive Law, we construct u < v anew way. We draw u and v 
from the common point O and construct a plane M perpendicular to u at O (Figure A.32). 
We then project v orthogonally onto M, yielding a vector v’ with length |v| sin@. We rotate 
v’ 90° about u in the positive sense to produce a vector v”. Finally, we multiply v” by the 
length of u. The resulting vector |u|v” is equal to u X v since v” has the same direction 
as u X v by its construction (Figure A.32) and 


lully’| = Jully’] = [ully|sind = |u x yj. 


FIGURE A.32_ As explained in the text, u X v = |ulv’. 
(The primes used here are purely notational and do not denote 


derivatives.) 


Now each of these three operations, namely, 


1. projection onto M 


2. rotation about u through 90° 


3. multiplication by the scalar |u| 
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when applied to a triangle whose plane is not parallel to u, will produce another triangle. If 
we start with the triangle whose sides are v, w, and v + w (Figure A.33) and apply these 
three steps, we successively obtain the following: 


1. A triangle whose sides are v’, w’, and (v + w)’ satisfying the vector equation 
vi +w =(v+ wy)’ 

2. A triangle whose sides are v", w”, and (v + w)” satisfying the vector equation 
v’ + w" = (v + w)” 


(The double prime on each vector has the same meaning as in Figure A.32.) 


FIGURE A.33_ The vectors, v, w, v + w, and their projec- 
tions onto a plane perpendicular to u. 


3. A triangle whose sides are |u|v", |u|w”, and |u|(v + w)” satisfying the vector equa- 


tion 
Julv” + |ulw” = Jul(v + w)”. 


Substituting |u|v” = u X v, |ulw” =u X w, and |ul(v + w)” =u X (v + w) 
from our discussion above into this last equation gives 


uxXvt+uX w=uX(v+w), 


which is the law we wanted to establish. |_| 


A.9 The Mixed Derivative Theorem and the Increment Theorem 


This appendix derives the Mixed Derivative Theorem (Theorem 2, Section 14.3) and the 
Increment Theorem for Functions of Two Variables (Theorem 3, Section 14.3). Euler first 
published the Mixed Derivative Theorem in 1734, in a series of papers he wrote on hydro- 
dynamics. 


THEOREM 2—The Mixed Derivative Theorem If f(x, y) and its partial deriv- 
atives f,, fy, fry, and f,, are defined throughout an open region containing a 
point (a, b) and are all continuous at (a, b), then 


fay(@, b) = fila, b). 


Proof The equality of f,,(a, b) and f,,(a, b) can be established by four applications of 
the Mean Value Theorem (Theorem 4, Section 4.2). By hypothesis, the point (a, b) lies in 
the interior of a rectangle R in the xy-plane on which f, f,, f), f.y, and f,, are all defined. 


>< 


>X 


0 


FIGURE A.34 The key to proving 
f(a, b) = f,,(a, b) is that no matter how 
small R’ is, f,, and f,, take on equal 
values somewhere inside R’ (although not 
necessarily at the same point). 
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We let and k be the numbers such that the point (a + h, b + k) also lies in R, and we 
consider the difference 


A = F(a + h) — F(a), (1) 
where 
F(x) = f(x, b + k) — f(x, b). (2) 


We apply the Mean Value Theorem to F, which is continuous because it is differentiable. 
Then Equation (1) becomes 


A = hF'(c)), (3) 
where c, lies between a and a + h. From Equation (2), 
F'(x) = fx, b + k) — f,(, 5), 
so Equation (3) becomes 
A = Alf,(c,, b + k) — fcr, 5). (4) 
Now we apply the Mean Value Theorem to the function g(y) = f,(c;, y) and have 
g(b + k) — g(b) = kg'(d\), 
or 
filer, b + k) — filer, b) = kfay(er, a1) 
for some d, between b and b + k. By substituting this into Equation (4), we get 
A = hkfy(C1, a) (5) 


for some point (c,,d,) in the rectangle R’ whose vertices are the four points (a, b), 
(a + h,b), (a + h,b + k), and (a, b + k). (See Figure A.34.) 
By substituting from Equation (2) into Equation (1), we may also write 
A=f(at+thb+k — flat h,b)— fiaab+k + f(a b) 
[fla + hb +k) — fab +k] — [flat hb) — fea,b)] 


= (b + k) — 6), (6) 
where 
Ply) = fla + hy) — fay). (7) 
The Mean Value Theorem applied to Equation (6) now gives 
A = ko'(d) (8) 
for some d, between b and b + k. By Equation (7), 
$'(y) = fia + hay) — fay). (9) 


Substituting from Equation (9) into Equation (8) gives 
A =k[f,(a + h, ad) — f,(a,d)]. 
Finally, we apply the Mean Value Theorem to the expression in brackets and get 
A = khf,(c, do) (10) 
for some c, between a and a + h. 
Together, Equations (5) and (10) show that 
FaylCr, dy) = fyyx(Cr, dd), (11) 


where (c,, d,) and (c;, d,) both lie in the rectangle R’ (Figure A.34). Equation (11) is not 
quite the result we want, since it says only that f,, has the same value at (c,, d,) that f,, 
has at (c,, d)). The numbers / and k in our discussion, however, may be made as small as 
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C(xq + Ax, yo + Ay) 


A(X, Yo) 


B(x + Ax, yo) 


If 


FIGURE A.35 = The rectangular region 


T in the proof of the Increment Theorem. 


The figure is drawn for Ax and Ay 
positive, but either increment might be 
zero or negative. 


we wish. The hypothesis that f,, and f,, are both continuous at (a, b) means that 
fryer, di) = f(a, b) + €; and f\.(co, do) = fy(a, b) + €2, where each of €,, €2 > 0 as 
both h, k — 0. Hence, if we let h and k — 0, we have f,,(a, b) = fy,(a, b). | 


The equality of f,,(a, b) and f,,(a, b) can be proved with hypotheses weaker than the 
ones we assumed. For example, it is enough for f, f,, and f, to exist in R and for f,,, to be 
continuous at (a, b). Then f,,, will exist at (a, b) and equal f,, at that point. 


THEOREM 3—The Increment Theorem for Functions of Two Variables 
Suppose that the first partial derivatives of f(x, y) are defined throughout an open 
region R containing the point (xo, yo) and that f, and f, are continuous at (x, yo). 
Then the change 


Az = f(% + Ax, yp + Ay) — f(x, yo) 


in the value of f that results from moving from (%, yo) to another point 
(x) + Ax, yo + Ay) in R satisfies an equation of the form 


Az = f.%o, Wo) Ax + fi(X0, Yo) Ay + €;Ax + e,Ay 


in which each of €;, €: > 0 as both Ax, Ay > 0. 


Proof We work within a rectangle T centered at A(X%p, yo) and lying within R, and we 
assume that Ax and Ay are already so small that the line segment joining A to 
B(x + Ax, yo) and the line segment joining B to C(x + Ax, yo + Ay) lie in the interior 
of T (Figure A.35). 

We may think of Az as the sum Az = Az, + Az of two increments, where 


Az, = f@ + Ax, yo) — f@o. yo) 
is the change in the value of f from A to B and 
Az = fQ%o + Ax, y + Ay) — fo + Ax, yo) 


is the change in the value of f from B to C (Figure A.36). 
On the closed interval of x-values joining x9 to x) + Ax, the function F(x) = f(x, yo) 
is a differentiable (and hence continuous) function of x, with derivative 


F'(x) = fi, Yo). 


By the Mean Value Theorem (Theorem 4, Section 4.2), there is an x-value c between xp 
and x) + Ax at which 


F(x) + Ax) — F(x) = F'(c) Ax 
or 
f% + Ax, yo) — Flo, Yo) = FC, Yo) Ax 
or 
Az, = f,(c, yo) Ax. (12) 


Similarly, Gv) = f(x + Ax, y) is a differentiable (and hence continuous) function 
of y on the closed y-interval joining yo and yg + Ay, with derivative 


G'(y) = fy + Ax, y). 
Hence, there is a y-value d between yy and yo + Ay at which 


G(yo + Ay) — G(yo) = G'(d) Ay 
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FIGURE A.36 Part of the surface z = f(x, y) near Py(xp, yo, f(X. Yo)). The 
points Py, P’, and P” have the same height z) = f(X9, yo) above the xy-plane. The 
change in zis Az = P'S. The change 

Az = f(%o + Ax, yo) — fo, Yo), 


shown as P’Q = P’Q’, is caused by changing x from xy to xy + Ax while 
holding y equal to yo. Then, with x held equal to x) + Ax, 


Az = f(%> + Ax, yo + Ay) — ft + Ax, yo) 


is the change in z caused by changing yp from y) + Ay, which is represented by 
Q'S. The total change in zis the sum of Az, and Az. 


or 


f(% + Ax, y + Ay) — fo + Ax,y) = fy + Ax, d) Ay 


or 
Az = fy(% + Ax, d) Ay. (13) 


Now, as both Ax and Ay — 0, we know that c > x) and d— yp. Therefore, since f, 
and f, are continuous at (xp, yo), the quantities 


€; = f.(c, Yo) — Fr(X0. Yo). 


(14) 
€) = fy(% + Ax, d) — f,Q, Yo) 


both approach zero as both Ax and Ay > 0. 
Finally, 


Az _ Az, + Az 
= fc, yo)Ax + fi(u + Ax, d)Ay From Egs. 
: (12) and (13) 
= [F:@o, Yo) + €1JAx + [F,@o,%) + €2JAY From Eq. (14) 


= f(x, yo)Ax + fyi(X%o, YAY + €,Ax + enAy, 


where both e, and €, 0 as both Ax and Ay — 0, which is what we set out to prove. I 
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Analogous results hold for functions of any finite number of independent variables. 
Suppose that the first partial derivatives of w = f(x, y, z) are defined throughout an open 
region containing the point (x9, Yo, 2) and that f,, f,, and f, are continuous at (%, Yo, Zo)- 
Then 


Aw = f(% + Ax, y + Ay, % + Az) — fo, Yo, 2%) 
= fAg + f Ay > fAz + ejAx + eghy + egg, (15) 


where €), €>, €; > 0 as Ax, Ay, and Az— 0. 
The partial derivatives f,, f,, f, in Equation (15) are to be evaluated at the point 


(X0» Yo> Zo). 
Equation (15) can be proved by treating Aw as the sum of three increments, 
Aw, = f(% + Ax, yo, 20) — f(%o, Yo; Zo) (16) 
Aw, = fQ% + Ax, yo + Ay, %) — f@%o + Ax, Yo, 2) (17) 
Aw; = f(xo + Ax, yo + Ay, z + Az) — f@% + Ax, yo + Ay, 2), (18) 


and applying the Mean Value Theorem to each of these separately. Two coordinates 
remain constant and only one varies in each of these partial increments Aw,, Aw, Aw3. 
In Equation (17), for example, only y varies, since x is held equal to x9 + Ax and zis held 
equal to z. Since f(xp + Ax, y, z) is a continuous function of y with a derivative fy, it is 
subject to the Mean Value Theorem, and we have 


Aw, = fy(% + Ax, 1, %) Ay 


for some y, between yo and yy + Ay. 


Vite to Odd-Numbered Exercises 


Chapter 1 ene oe {s 0< ae 1 
Section 1.1, pp. 11-13 oe eee 
1. D: (—00,00), R:[1,00) 3, D: [—2, 00), R: [0, 00) 2, O=x<1 
5. D: (—0, 3) U (3,0), R: (—00, 0) U (0, 00) (b) f) = 0, lsx<2 
7. (a) Not a function of x because some values of x have two 2, 25x<3 
values of y 0, 3<x<4 
(b) A function of x because for every x there is only one possible y 
V3 3 —X, =1l=7<.0 
tA 2 pow ties. Aaa ye 31. (a) f(x) = § 1, O<x<1 
i v3 3V3 y+ 1<x<3 
V/20x2 — 20x + 25 
B.L= 20x a + 25 Ly, —2<x<0 
15, (—00, 00) (b) f@®) = § —2x + 2, O0<x=<1 
=i, l<xs3 


y 
» 


33. (a) OS x<1 (b) -1< x50 35. Yes 
37. Symmetric about the origin 39. Symmetric about the origin 


f(x) =5 -— 2x 


Inc. —co < x < O and 


1 Dec. —CO < x < CO 


4391 a ae 41. Symmetric about the y-axis 43. Symmetric about the origin 
—2 y y 


21. (—00, —5) U (-5,-3] U [3,5) U (5, 6) 
23. (a) For each positive value of | (b) For each value of x ¥ 0, 
x, there are two values of y. there are two values of y. 


Dec. —00 < x < 0; Inc. —0co < x < 0O 
Inc.0Sx< © 
45. No symmetry 


Dec.0 Sx < © 

47. Even 49. Even 51. Odd 53. Even 

55. Neither 57. Neither 59. t = 180 61. s=2.4 
63. V = x(14 — 2x)(22 — 2x) 

65. (a) h (b) f (© g 67. (a) (—2, 0) U (4, 0%) 

1. C=5(2+ V2)h 


A-1 


A-2 Chapter 1: Answers to Odd-Numbered Exercises 


Section 1.2, pp. 18-21 
1. Dp: -MO < xX < O&O, Dix 21, Rp: -CO Sy <M, 
R,: y = 0, Drtg = Dry = Der Rprg: y 2 1, Rpg: y ZO 
3. Dyp:-WO <x < 00, D2: -CO SX <0, Rye y = 2, R,:y = 1, 
Dig: —©0 = OO; Reig: 9 <y=2, Dagjg : —0O <x< Ow, 
Ryjpiy = 1/2 
5. (a) 2 (b) 22 (ec) 2 +2 (d) x*° + 10x 4+ 22 (e) 5 
(f) —2 (g) x+ 10 (h) x*—- 6x? + 6 
5x + 1 
4x +1 
11. (a) f(g) (b) f(g@) © g(g)) () jG@) 
(e) gA(f@) ( AGHO))) 


7s. 13. => 3x 9. 


13. g(x) f(x) (f° g)(x) 
(a) x—7 Vx Vx — 7 y=l+\r-1 
(b) x +2 3x 3x + 6 
(c) x x-5 7-5 
x x 
(d) x- 1 x=-—1 sd 
(e) , Z i 1+ , x 
) 4 - ‘ 


15. (a) 1 (b) 2 (©) -2 (dO (e) -1 (ff) 0 


17. (a) f(g) = f+ + 1, ef@) = 73 
x 


(b) Dyog = (—00,-1] U (0,0), Dyog = (1,0) 
(c) Rpog = [0, 1) U (1, 09), Rees = (0, 00) 


19. g(x) = 


x- 1 
2.fa) y=-Gst7Y () y=-@-— 4 
23. (a) Position4 (b) Position 1 (c) Position 2 
(d) Position 3 
25. (x + 2)? + (y + 3) = 49 27. y+1=@+ 


y J 3 
n 2 2 ytl=(@+1) 


(x +2)? + (y+ 3)? =49 


29. y= Vx + 0.81 31. y = 2x 


55. (a) D:[0,2], R:[2,3] (b) D:[0,2], R:[-1,0] 


>x 
—0.81 1 4 

y y 
A A» 
3rF al 
3 vas = f(x) +2 

y=f@-1 
> yah 

! >x 
1H 0 1 2 
1 1 1 i 5% 

0 1 2 3 4 =| 
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(c) D: [0,2], R:[0,2] (@ D:[0,2], R:[-1,0] 75. 


77. (a) Odd (b) Odd (c) Odd (d) Even (e) Even 


(f) Even (g) Even (h) Even (i) Odd 
Section 1.3, pp. 27-29 
1. (a) 87m _ = (b) 227 3. 8.4 in. 
5. 0 7 27/3 0 a /2 3a /4 
sin 8 0 _N3 0 1 = 
2 V2 
1 1 
cos 0 —l = 1 0 = 
2 V2 
tan 0 0 V3 0 UND -1 
1 
cot 6 UND == UND 0 =1 
V3 
sec 0 -1 -2 1 UND -V2 
2 
csc 6 UND _— UND 1 V2 
V3 


2 
63. y= oar 65. y= 1-270 9, sinx = - 8, eanx = —VB 
6 69 11. sinx : cosx : 
y : : ,cosx = — 
is , s V5 V5 
SP 13. Period 7 15. Period 2 
4b . ; 
4\: a A 
: y=(x—- 12 +2 
1 
1 1 1 1 1 1 1 1 >x 
3-2-1 1234 °5 
be. > x 
-1 - 
a a eg A 17. Period 6 
4 4e y 
3 3h 
2 Os, y= ~sin 
1 1 


A-4 


21. Period 27r 23. 
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Period 7/2, symmetric 
about the origin 


i 1 1 i 
1 1 1 1 
PaO (aE | I I I 
= a i - ce 2t 
1 i i 1 
1 1 if 1 
1 if if i 
if 1 1 1 
1 1 i 1 
i i i 1 
; ; — i i I >t 
_T 0; a 3m in" TVS a Vt 
4 4 4 4 | i i ; 
i 1 i 1 
1 1 i 1 
1 i if 1 
1 i i i 
1 1 1 1 
1 i i 1 
1 i i 1 
1 ij 1 1 
25. Period 4, symmetric about 29, D:(—©o 
the y-axis Riy= 1,01 
i i s i i n 
I 1 1 1 
H am 
a aa y =|sin x| y=sinx 
-207 est Le, 7 27 
3 = -1 1 2 3 -1 
I adr a 
I 1 i 1 
I i i 1 
I 1 1 1 
I i 1 1 
1 1 1 1 
I 1 1 1 
I i! i 1 
I 1 1 1 
39. —cos x 41. —cos x 43 v2 45. = V6 
47. 2 V2 49. 2— V3 51. ue an auch Sar 
4 4 SF 3* 3." 3 
wa Sa 37 ss = 
53.6563 | V7 ~265 63. a= 1.464 


Section 1.4, pp. 34-36 
1. d 3. d 


5. [-3,5] by [-15, 40] 7, 


YQ) = x4 — 4x3 +15 


[—-3, 6] by [-250, 50] 


fQ) =x — 5x4 +10 


11. [—2,6] by [-5, 4] 


15. [—3,3] by [0, 10] 


y 
A» 


10b 
os 
gL 
Tk 
6b 
S- 
ar y=2=1| 
Ss 
2-L 
=3 -2 -1 1 2 3° 


17. [—10, 10] by [—10, 10] 19. [—4, 4] by [0,3] 


25. -% 5 by 27. [—100z, 1007] by 


[-1.25, 1.25] [-1.25, 1.25] 


y = sin 250x 


: -z =| by[—0.25,0.25] 31. 


Hed 
y =x + = sin 30) 
yaxt asin Ox 


35. 


f(x) = —tan 2x 


37. 


39. 


ay f(x) = sin 2x + cos 3x 


(a) & (b) y = 3.0625x — 56.213 


190 - 
180 
170 
160 
150 
140 


130 


120 Ll 1 1 1 Ll 1 
60 62 64 66 68 70 72 


(c) Yes, y(79) = 185.7 lbs. 
(a) & (b) y = 3814x — 7.4988 - 10° 


250,000 - 
200,000 
150,000 
100,000 


50,000 


(c) The price of a home within the “bubble” was inflated, in the 
sense that it exceeded the historical trend. 


0 1 
1970 1980 1990 2000 
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41. (a) & (b) y = 9.7571 - 10-3 — 19.118 


0.8 7 


0.6 


0.4 


0.2 


-0.2 


1 
1990 


1 
2000 


(c) y = 2.6076: 10-4x? — 1.0203x + 997.90 


Section 1.5, pp. 40-41 


=4.=3:S2°=1°10: Te 2b 3 & 


1 
2010 


11. 16'/4 =2 


25. x ~ 2.3219 


13. 41/2 =2 
21. D:-co << x < O;R:0< y< 1/2 
23. D:-~o < t< ~;R:1<y<o 

27. x ~ —0.6309 


15. 5 


29. After 19 years 


17. 143 


A-5 


19. 4 
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1/14 
31. (a) A(t) = 66(4) (b) About 38 days later 


33. ~ 11.433 years, or when interest is paid 
35. 2%8 = 2.815 x 104 


Section 1.6, pp. 51-53 
1. One-to-one 3. Not one-to-one 
7. Not one-to-one 9. One-to-one 
11. D: (0,1]  R: [ 0, 00) 13. D:[-1,1] R: [-a/2, 7/2] 


5. One-to-one 


a 1 
15.D: [0,6] R: [0,3] 


17. (a) Symmetric about the line 
yux 


3 6 
19. f"@) = Vx—1 
23. fx) = Vx-1 
25. f(x) = Wx; D:—00 < x < 00; R:-00 < y < 00 
27. fa) = Wx — 1; Di-00 < x < 3; R: CO < y< 
1 


29. ay ol ae i 
x 


31. #1) = 2843 D:-00 < x < 00,x 41; 


2. fl@=We+1 


R:-co< y<ow,y #2 


33. f(x) = 1 Vx+1;D:-lsSx<w;R:-wo<ysl 
2 _ 26 Ds 

35. fa) = SS, 
D:-W<x< Wx Al, Ri-WO<y<w,y #2 


37. (a) f(x) = = 


(b) The graph of f~! is the line through the origin with slope 1 /m. 
39. (a) f'@=x-1 


(b) f-'(x) = x — b. The graph of f~! is a line parallel to the 
graph of f. The graphs of f and f ! lie on opposite sides of 
the line y = x and are equidistant from that line. 

(c) Their graphs will be parallel to one another and lie on oppo- 
site sides of the line y = x equidistant from that line. 


41. (a) In3 —2In2 (b) 2(n2 — 1n3) (c) —In2 
(d) 41n3 (e) In3 + 5in2 (f) 5in3 a 


43. (a) In5 (b) In(x — 3) (e) in(26) 


‘ ; 
45. (a) 7.2 (b) 5 © 5 
47. (a) 1 (b)1 @-”-y 


49, @!*4 51. e +b 53. y = 2xe* + 1 

55. (a) k=In2 (b) k=(1/10)In2 (©) k= 1000Ina 

57. (a) t=—10In3 (b) t= me (ce) t= me 

59. 4(In x) , 

61. (a) 7 (b) V2 (c€) 75 (d)2 () 05 (f) -1 
Cave Oe Chex «wo 2 ws we 


67. (a) —7/6 (b) 7/4 (&) —77/3 ue 


69. (a) 7 (b) 7/2 
71. Yes, g(x) is also one-to-one. 
73. Yes, f ° g is also one-to-one. 


78. (a) f-\) = toe iq) (b) f'@) = toaii(%) 
77. (a) y=Inx-3 (b) y=In@— 1) 

() y=3+In@+1) @ y=In@-2)-4 

@ y=inCxy) Oye 
79. ~ —0.7667 


t/12 
81. (a) Amount = s(4) (b) 36 hours 
83. ~ 44.081 years 


Practice Exercises, pp. 54-56 


2 
1. A = ar,C = 2a7r,A Ee 3. x = tan 0, y = tan’ 0 
Aq 
5. Origin 7. Neither 9. Even 11. Even 

13. Odd 15. Neither 


17. (a) Even (b) Odd (c) Odd (d) Even (e) Even 

19. (a) Domain: all reals (b) Range: [ —2, 00) 

21. (a) Domain: [—4,4] (b) Range: [0,4] 

23. (a) Domain: all reals (b) Range: (—3, 0%) 

25. (a) Domain: all reals (b) Range: [—3, 1] 

27. (a) Domain: (3,00) (b) Range: all reals 

29. (a) Increasing (b) Neither (c) Decreasing (d) Increasing 
31. (a) Domain: [—4,4] (b) Range: [ 0, 2] 


1=-x%, O=f=x< 1 
33. fe = {} -* js%22 


35. (a) 1 (b) ae ae (c) xx #0 


(d) — 

V1/Vx +242 

37. (a) (f° 2)@) = 4,2 = -2,(e°f@) = V4 - 
(b) Domain (f ° g): [—2, &©), domain (g° f): [—2, 2] 
(c) Range (f ° g): (—00, 2], range (g° f): [ 0, 2] 

39. y y 


41. Replace the portion for x < 0 with the mirror image of the por- 
tion for x > 0 to make the new graph symmetric with respect to 
the y-axis. 


79. 


y 
A 


43. Reflects the portion for y < 0 across the x-axis 

45. Reflects the portion for y < 0 across the x-axis 

47. Adds the mirror image of the portion for x > 0 to make the new 
graph symmetric with respect to the y-axis 


= Al 2 1 - 

49. (a) y= eg 3) +5 (b) y glx 3 2 
3. 

(c) y= g(-x) @) y=~gtx) (e) y = 5g (x) 


() y = gx) 
51. y 


81. 
83. 


53. y 5. 


A-7 
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(f ° f)(x) = Indn x) and domain: x > 1; 
(g° g)\(x) = —x* + 8x? — 12 and domain: —co < x < ©, 


(a) D: (—00, 00) R: 2.3] (b) D: [-1,1] R:[-1,1] 
(a) No (b) Yes 
(a) fe) = (Wx) =x, ef@) = Ve =x 


(b) 


Additional and Advanced Exercises, pp. 57-58 


Yes. For instance: f(x) = 1/x and g(x) = 1/x, or f(x) = 2x and 
g(x) = x/2, or f(x) = e* and g(x) = Inx. 
If f(x) is odd, then g(x) = f(x) — 2 is not odd. Nor is g(x) 
even, unless f(x) = 0 for all x. If f is even, then 
g(x) = f(x) — 2 is also even. 
lx tly] = 1 +x 


19. (a) Domain: all reals. Range: If a > 0, then (d, 00); if a < 0, 
then (—©o, d). 
(b) Domain: (c, °°), range: all reals 
21. (a) y = 100,000 — 10,000x,0 = x = 10 (b) After 4.5 years 
In (10/3) . 
23. After “hin 15.6439 years. (If the bank only pays interest 
at the end of the year, it will take 16 years.) 
25. x =2,x= 1 27. 1/2 
Chapter 2 
Section 2.1, pp. 64-66 
1. (a) 19 (b) 1 
4 3V3 
3. (a) —F (b) —-—- 5. 1 
7. (a) 4 (b) y= 4x -9 
9. (a) 2 (b) y= 2x -7 
11. (a) 12 (b) y = 12x — 16 
= _ _ = 13. (a) —9 (b) y= —-9x — 2 
61. (a)a=1 b= V3 (b) a= 2V3/3 aa 43/3 15. Your estimates may not completely agree with these. 
63 (a) a= (b) c= a (a) P P P P 
tan B sin A 2 G2 | PQs | POs The appropriate units are m/sec. 
65. ~16.98 m 67. (b) 47 43 | 46 | 49 | 50 


69. (a) Domain: —-co < x < © (b) Domain: x > 0 

71. (a) Domain: -3 = x = 3 (b) Domain:0 = x = 4 

73. (f °g)(x) = In(4 — x’) and domain: —2 < x < 2; 
(g°f)(x) = 4 — (In x)? and domain: x > 0; 


(b) ~ 50 m/sec or 180 km/h 


A-8 


17. 
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(a) y 


Profit (1000s) 


0 >x 
2010 11 12 13 14 
Year 
(b) ~ $56,000/year 
(c) ~ $42,000/year 


19. (a) 0.414213, 0.449489, (V1 +h -—1)/h (b) g(x) = Vx 
l+h 11 1.01 1.001 1.0001 
ee 1.04880 | 1.004987 | 1.0004998 | 1.0000499 
(V1 +h — 1)/h | 0.4880 | 0.4987 | 0.4998 0.499 

1.00001 1.000001 
1.000005 1.0000005 
0.5 0.5 
(c) 0.5 (d) 0.5 
21. (a) 15 mph, 3.3 mph, 10 mph (b) 10 mph, 0 mph, 4 mph 


(c) 20 mph when ¢ = 3.5 hr 


Section 2.2, pp. 74-77 


1. 


. (a) True 


(a) Does not exist. As x approaches | from the right, g(x) 
approaches 0. As x approaches 1| from the left, g(x) 
approaches 1. There is no single number L that all the values 
g(x) get arbitrarily close to as x > 1. 

(b) 1 (c) 0 (d) 1/2 

(b) True (c) False 

(f) True (g) True 


(d) False 
(e) False 


. As x approaches 0 from the left, x/|x| approaches —1. As x 


approaches 0 from the right, x/|x| approaches |. There is no 
single number L that the function values all get arbitrarily close 
toas x > 0. 


. Nothing can be said. 9. No; no; no 11. —4 13. —8 
co 17. —25/2 19. 16 21. 3/2 23. 1/10 

=7 27. 3/2 29. —1/2 31. -1 33. 4/3 

. 1/6 37. 4 39, 1/2 41. 3/2 43. —1 45. 1 
ae 49. V4—-—7 

. (a) Quotient Rule (b) Difference and Power Rules 


(c) Sum and Constant Multiple Rules 


53. (a) -10 (b) —20 (ce) -1 (ad) 5/7 

55. (a) 4 (b) —21 (ce) -12 (d) -7/3 

57.2 59.3 61. 1/(2V7) 63. V5 

65. (a) The limit is 1. 

67. (a) f(x) = (x? — 9)/( + 3) 

x 3.1 | —3.01 |—3.001 |—3.0001 |—3.00001 | —3.000001 

f(x) |—6.1 |—6.01 |—6.001 |—6.0001 |—6.00001 | — 6.000001 

x 2.9 |—2.99 |—2.999 | —2.9999 | —2.99999 | —2.999999 

f(x) |-5.9 |—5.99 |—5.999 | —5.9999 |—5.99999 | —5.999999 
(c) lim, f(x) = -6 

69. (a) G(x) = (x + 6)/(x2 + 4x — 12) 

x -5.9 —5.99 —5.999 —5.9999 

G(x) |—.126582 | —.1251564 | —.1250156 | —.1250015 

—5.99999 | —5.999999 

—.1250001 | —.1250000 


x —6.1 —6.01 — 6.001 — 6.0001 
G(x) —.123456 |—.124843 |—.124984 | —.124998 
—6.00001 |—6.000001 
—.124999 | —.124999 
(c) lim G(x) = —1/8 = —0.125 
71. (a) f(x) = @ — D/(\x|-1) 
x 1.1 1.01 1.001 1.0001 | — 1.00001 | — 1.000001 
f(x) 21 2.01 2.001 2.0001 2.00001 2.000001 
x ae) 99 .999 .9999} —.99999)  -.999999 
f(x) 1.9 1.99} 1.999] 1.9999 1.99999 1.999999 
(c) lim, f@) = 2 
73. (a) 9(0) = (sin 6)/0 
6 ill 01 O01 0001 .00001 | .OO0001 
2(0) | .998334 | .999983 | .999999 | .999999 | .999999 | .999999 
6 wl 01 O01 .0001 .00001 | — .000001 
2() | 998334 | .999983 | .999999 | .999999 | .999999 | .999999 
lim g(@) = 1 
75. (a) f(x) = xi/0- 
x a) 99 999 .9999 99999 | .999999 
f(x) | 348678 | .366032 | 367695 | .367861 | .367877 | .367879 
x 1.1 1.01 1.001 1.0001 | 1.00001 | 1.000001 
f(x) | .385543 | .369711 | .368063 | .367897 | .367881 | .367878 
lim f(x) ~ 0.36788 
Die € = 0, 1,—1; the limit is 0 at c = 0, and 1 atc = 1,-1. 
79. 7 81. (a) 5 (b) 5 
83. (a) 0 (b) 0 
Section 2.3, pp. 83-86 
1L6=2 ¢ 1 J>x 
1 5 7 
3. 6 = 1/2 ¢ : + > x 
-7/2-3 -1/2 
5.5 = 1/18 — a ee 
4/9 1/2 4/7 
7.6=01 9%6=7/16 11.6=V5-2 
13. 6 = 0.36 15. (3.99, 4.01), 6 = 0.01 
17. (—0.19, 0.21), 6 = 0.19 19. (3,15), 6=5 
21. (10/3, 5), 6 = 2/3 


. (-V4.5,-V3.5), 6 = V45 -2 ~ 0.12 
. (V15, V17), 8 = V17- 4 = 0.12 


0.03 , , 0.03 0.03 
. (2 m>2+ om ) 3 = in 
lo cc] _e¢ : _ 
(3 cc :). s=£ 31, L=-3, 8=001 
~L=4, 6 = 0.05 35. L=4, 6 = 0.75 
. [ 3.384, 3.387]. To be safe, the left endpoint was rounded up 


and the right endpoint rounded down. 


. The limit does not exist as x approaches 3. 


Section 2.4, pp. 91-93 


1, 


11. 
19. 
29. 


41. 
51. 


(a) True (b) 
(e) True (f) 
(i) False (jp) 


True (c) False (d) True 
True (g) False (h) False 
False (k) True (1) False 


-(a) 2,1 (b) No, lim, f(x) # lim f(x) 


(c) 3,3 (d) Yes, 3 


. (a) No (b) Yes, 0 (c) No 
. (a) 4 
.(a) D:05 x5 


(b) (0, 1) UC, 2 


y 
A» 


2 


2,R:0<yslandy=2 
) x=2 W)x=0 


e 

Il 
= 
x Fo 
I IA IA 
Wow 
A A 
ve 


V30°«2B. 1 
(a) 1 (b) 2/3 


2 31. 0 33. 1 


15. 2/V5 17. (a) 1. (b) - 1 


21.1 23.3/4 25.2 27. 
35.1/2 37.0 39. 3/8 


3 47. 6 = &, lim, Vx — 5 = 0 
(a) 400 (b) 399 (c) The limit does not exist. 


Section 2.5, pp. 102-104 


. All x except x = 
. Allx 19. All 
. All x except n7/2, n any integer 


. V2/2; continuous at t = 0 
.93)=6 41 f()=3/2 4.a=4/3 45.a= -2,3 
.a=5/2,b=-—1/2 71. x ~ 1.8794, —1.5321, —0.3473 


~ x = 1.7549 


. No; discontinuous at x = 2; not defined at x = 2 
. Continuous 5. (a) Yes (b) Yes (c) Yes (d) Yes 
. (a) No (b) No 


(b) 1, 1 (c) Yes, | 


{72 


9. 0 11. 1, nonremovable; 0, removable 


2 15. All x except x = 3,x = 1 
x except x = 0 


. All x except nz /2, n an odd integer 
. Allx = —-3/2 27. Allx 29. Allx 
. 0; continuous at x = 7 33. 1; continuous at y = 1 


75. x ~ 3.5156 77. x =~ 0.7391 


Section 2.6, pp. 115-117 


1. 


3. 


15. 
21. 
29. 
41. 
49. 
55. 


(a) 0 (b) —2 

(f) co (g) Doe 
(a) —3 (b) -3 
(b) -5/3. 


(a) 0 (b) CO 
1 31. co 
—Co 43, co 
co 51. —oo 
(a) —co (b) 00 


(c) 2. (d) Does not exist (e) —1 
snotexist (h) 1 (i) 0 


37. 1; continuous at x = 0 


5. (a) 1/2 (b) 1/2 7. (a) -5/3 
0 dt. -1 13. (a) 2/5 (b) 2/5 
(a) 0 (b) 0 17. (a) 7 (b)7 19. (a) 0 (b) 0 


23. 2 25. ©Co 27. 0 


33.1 35. 1/2 37.0 39, 


45. (a) 00 (b) —cO 47, 00 
53. (a) 00 (b) —00 (¢) —00 
(c) 0 (a) 3/2 


= 


(d) © 
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57. (a) co (b) 1/4 (ce) 1/4 (d) 1/4 (e) It will be —00, 
59. (a) —0o (b) co 61. (a) © (b) © (ce) © (d) & 
63. 65. 


71. Here is one possibility. 73. Here is one possibility. 
y y 
| | y =f) 
=! ‘| se 
od 
2 
75. Here is one possibility. 79. At most one 


y 


h(x) = z=. x#0 
|x| if 


> Xx 


81. 0 83. —3/4 85. 5/2 
93. (a) For every positive real number B there exists a corresponding 
number 6 > 0 such that for all x 


c-6<x<c => f@M>B. 


(b) For every negative real number —B there exists a correspond- 
ing number 6 > 0 such that for all x 


c<x<ct+6 => f(x) <-—B. 


(c) For every negative real number —B there exists a correspond- 
ing number 6 > 0 such that for all x 


c-6<x<c => f(x») <—B. 
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99. 101. 


>< 


>x 


Ce ee eee a> Lee eccce aa ee 


107. 


109. At 00; 00, at —0o: 0 


Practice Exercises, pp. 118-120 
1. Atx=—1: Jim _ f@ = lim | f(@ = 1, so 


im, f(x) = 1 = f(—1); continuous at x = —1 
At x = 0: lim f(x) = lim f(x) = 0, so lim f(x) = 0. 
x0" x>0t x>0 
However, f(0) # 0, so f is discontinuous at 
x = 0. The discontinuity can be removed by 
redefining f(0) to be 0. 
Atx = 1: 


lim f(x) = —1 and lim f(x) = 1, so lim f() 
x21 x 1t x 
does not exist. The function is discontinuous at 
x = 1, and the discontinuity is not removable. 


y=fe) 


3. (a) —21 (b) 49 (c) 0 (d) 1 (e) 1 (ff) 7 
(2) -7 @y-> 54 


7. (a) (—00, +00) (b) [0,00) (ce) (—00, 0) and (0, 00) 
(d) (0,0) 


9. (a) Does not exist (b) 0 11. 5 13. 2x 15. -4 

17. 2/3 19. 2/7 21. 1 23. 4 25, —0o 

27:0 29. 2 31. 0 

35. No in both cases, because lim f(x) does not exist, and lim f(x) 
does not exist. rn ale 

37. Yes, f does have a continuous extension, to a = 1 with 
fQ) = 4/3. 

39. No 41. 2/5 43. 0 45. —0co 47. 0 49. 1 

51. 1 53. —7/2 55. (a) x=3 (bF) x=1 (J) x=-4 


Additional and Advanced Exercises, pp. 120-122 
3. 0; the left-hand limit was needed because the function is unde- 
fined for v > c. 5. 65 < t < 75; within 5°F 
13. (a) B (b) A () A (A 
21. (a) lim r,(a) = 0.5, jim +@) =1 
(b) lim r(a) does not exist, lim, r(a) = 1 


al 


25. 0 27. 1 29. 4 31. y = 2x 33. y=x,y=-x 


Chapter 3 


Section 3.1, pp. 126-127 
1. Pim, = 1, Pym = 5 3. Pi: m, = 5/2, Py: my = —1/2 


7y=xt1 


5. y= 2x +5 


> xX 


(—2, —8) 


11. m= 4,y —5 = 4 — 2) 
13. m = —2,y — 3 = -—2@ — 3) 
15. m = 12,y — 8 = 12(t — 2) 
17, m=hy 2=i0 4) 
19. m =—1 21. m=—1/4 
23. (a) It is the rate of change of the number of cells when tf = 5. 
The units are the number of cells per hour. 
(b) P'(3) because the slope of the curve is greater there. 
(c) 51.72 ~ 52 cells/h 
25.. (—2;-5) 27. y=-(x + 1l),y = —-(@ — 3) 


29. 
39. 
45. 


1. 


21. 


31. 


19.6 m/sec 31. 67 35. Yes 37. Yes 
(a) Nowhere 41. (a) Atx = 0 43. (a) Nowhere 
(a) Atx = 1 47. (a) Atx =0 
Section 3.2, pp. 133-136 
2 1 2 
—2x, 6, 0, -2 3. = 3 = = 
° ee 33 
3 3: — ih. 3 1 
: ; a. 7. 6x? 9. —— 
2V30 2V3 2° 2V2 (Qt + 1? 
; 2 gilt 13. 1 - 2% 15. 372 — 21,5 
2 x2 
—4 1 
: ; yot>s (x — 6) 19. 6 
(x — 2)Vx — 2 2 
—l —1 
1/8 23. 25. ———_,; 27. (b 29. (d 
/ (x + 2)° (x — 1) ) @ 
(a) x = 0,1,4 33. 
(b) ‘ 2b 625 


35. 


37. 


39. 


41. 


43. 
45. 
47. 


TF 
A, => 
8 Ol 


x 
Re} 


6 
—lo=o 


(a) i) 1.5°F/hr ii) 2.9°F/hr 
iii) 0 °F/hr iv) —3.7 °F/hr 
(b) 7.3 °F/hr at 12 p.M., —11 °F/hr at 6 P.M. 
(c) Slope 
ait 


oP oat 


1111» ; (hrs) 
12 


S 


flO +h) = fO) _ 


Since lim ° 
hor 


h 
0+ h)— f(O 
qtie eg Eg 
h>0- h 
0+ h) — fO 
f'O = lim A ? FO) does not exist and f(x) is not 


differentiable at x = 0. 
fl + h) — fd) 


Since Jim, hk = 2 while 
fd +hy- fd) 1 ; _ fa +h) — fd) 
ae h —g oO ee h 


does not exist and f(x) is not differentiable at x = 1. 

Since f(x) is not continuous at x = 0, f(x) is not differentiable at 
x= 0. 

(a) -3 =x =2 (b) None (c) None 

(a) -3 =x<0,0<x=3 (b) None (c) x=0 

(a) -1S=x<0,0<x=2 (b) x=0 (ec) None 


Section 3.3, pp. 144-146 


dy _ , dy _ 5 

ae ae 

A (gp (5 2a eae 
dt dt” 


. y = 3xre* + wet 


* dt 


. yy = 3x2 + 8x 4 
2 y =22x -— 7x7, y= 2 4+ 143 
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te pe eee ere 
dx X T : be XT 
dw 6 1 dw 18 2 


dz 2 ae: dz Z 2 
& 
7 = 12x = 10 + 10x38, — = 12 — 304 
Ix dx? 
dr -2, 5 @r_ 2 5 
ds 3533 Qs?’ ds? s*# 8 
y’ = —5x4 + 12x" — 2x -— 3 
1 -19 
"= 3x27 + 10x + 2 17. y' = 
y ; = Gr pp 
iG 24+ x4+4 dv _#-—2t-1 
8 (x + 0.5) de (+2)? 

1 1 
{O=> eO  SEee  ae 
Vs(V's + 1) x 

_ < ae 2 
oy = ax ee 29. y' = —2e* + 3e* 


(2 — 1°02 +x + 1? 


33. y’ = 7xs/4 — 26 


ds _ 41/9 re 2 ed dr _ se — é 
= 3t 37. y' = a ex 39. as 
yy = 2x? — 3x — 1, y” = 6x? — 3, y” = 12x, yYO = 12, 
y = Oforn = 5 


ly” = 6x + 8, y” = 6, y” = Oforn = 4 


Ot 5. agg OT. - geyned dw__._ ,@w_, 3 
6 30 1B 120 49. ce Zz 1, de 22 
dw = 2Z, 1 dw = 2z, Hl i 2 
< dz 6ze el T Z), de 6e (1 T 4z T 2z ) 


77. 


(a) y=-24+2 


~-y=4xy,y=2 
. (2, 4) 
. 50 69. a =-3 

. P(x) = na,x" | + (n — lWay_yx" 2 + ++ + 2anx + ay 

. The Product Rule is then the Constant Multiple Rule, so the 


. (a) 13° (b) -7 (ce) 7/25 (d) 20 


gt q tb) m=—4 at (0,1) 


15,y = 8x + 17 
59.a=1,b=1,c=0 
63. (0, 0), (4, 2) 65. (a) y= 2x +2 (Ce) (2,6) 


(c) y = 8x 


latter is a special case of the Product Rule. 


. (a) & (ww) = uvw' + uv'w + u'uw 


d # ! 
(b) ag (Ui allsita) = UU lgUg + Uy Wy Uz Ug + Uy Uy Ugg + 
Uy! Uy U3U4 
a aciayt = aciayi oe aoe + 
(c) dx (uy Uy) = UU Un — Un Uy, Uy Un—2Uy—1 Un 


s+ yuyu 
dP —snRT 
dV (V — nb? a 


n 
2, 


Section 3.4, pp. 153-156 


1. 


35 


(a) —2 m, —1 m/sec 

(b) 3 m/sec, | m/sec; 2 m/sec”, 2 m/sec? 

(c) Changes direction at t = 3/2 sec 

(a) —9 m, —3 m/sec 

(b) 3 m/sec, 12 m/sec; 6 m/sec”, —12 m/sec? 
(c) No change in direction 
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15. 


17. 


19. 


21. 
23. 
25. 


27. 
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. (a) —20 m, —5 m/sec 


(b) 45 m/sec, (1/5) m/sec; 140 m/sec?, (4/25) m/sec” 
(c) No change in direction 


. (a) al) = —6 m/sec’, a(3) = 6 m/sec? 


(b) v(2) = 3 m/sec (c) 6m 


. Mars: ~ 7.5 sec, Jupiter: ~ 1.2 sec 
- 85 = 0.75 m/sec? 


. (a) v = —321, |v| = 322 ft/sec, a = —32 ft/sec? 

(b) t ~ 3.3 sec 

(c) v ~ —107.0 ft/sec 

(a) t=2,t=7 (b) 35tS6 

(c) (d) 

|v| (m/sec) + ie 

4 oe a 
3 mo 
2 
: Ligpreay tii ys; 
012345678910 
=32 — 
—3-O—o 


-4 


(c) 8 sec, 0 ft/sec 
(e) 2.8 sec 


(b) 2 sec 


(a) 190 ft/sec 
(d) 10.8 sec, 90 ft/sec 
(f) Greatest acceleration happens 2 sec after launch 

(g) Constant acceleration between 2 and 10.8 sec, —32 ft/sec” 


(a) = sec, 280 cm/sec (b) 560 cm/sec, 980 cm/sec” 
(c) 29.75 flashes / sec 

C = position, A = velocity, B = acceleration 

(a) $110/machine (b) $80 (c) $79.90 

(a) b’(0) = 104 bacteria/h (b) b'(5) = 0 bacteria/h 
(c) b’(10) = —10* bacteria/h 


dy t¢ 
@ 2-5-1 


dy 
(b) The largest value of ai is 0 m/h when t = 12 and the small- 
dy. 
est value of ns —1m/h when t = 0. 


(c) 2} 


Wit = 
at 12 


1 


29. 4.88 ft, 8.66 ft, additional ft to stop car for 1 mph speed increase 


31. 


33. 


t = 25 sec, D= en 
" 
s = 200t — 167 


ds — 599 — 
ty 7 200 ~ 328 


—200 


35. 


(a) v = 0 when t = 6.25 sec 

(b) v > 0 when 0 = t < 6.25= the object moves up; v < 0 
when 6.25 < t = 12.5= the object moves down. 

(c) The object changes direction at tf = 6.25 sec. 

(d) The object speeds up on (6.25, 12.5] and slows down on 
[ 0, 6.25). 

(e) The object is moving fastest at the endpoints f = 0 and 
t = 12.5 when it is traveling 200 ft/sec. It’s moving slowest 
at t = 6.25 when the speed is 0. 

(f) When t = 6.25 the object is s = 625 m from the origin and 
farthest away. 


h 
2 \ 
‘ ayn O12 = 3 120+7 
5 os 
>t 

-5 

-10 
(a) v = 0 when t = 5 a 

= V5 + 
(b) vu < ee _ <t< s nS 2, the 
object moves left; v > 0 when0 = t < eae ar 
Ha < t S 4= the object moves right. 
+ a/ 

(c) The object changes direction at t = “a sec. 
(d) The object speeds up on € =F, = 2) U € 7 = 15, | 


6= VIB) (,,8+Vi8) 


and slows down on o, 


(e) The object is moving fastest at t = 0 and t = 4 when it is 


+ ~/ 
moving 7 units /sec and slowest at t = nee sec. 
(f) When ¢ = Saxe the object is at position s ~ —6.303 


units and farthest from the origin. 


Section 3.5, pp. 160-162 


1. 
5. 


—10 — 3sinx 3. 2x cos x — x? sinx 
—csc x cot x — a ue 7. sinxsec?x + sinx 
Vx @ 
rey) 
. (e* sec x)(1 — x + xtanx) 11. ae 
(1 + cot x) 
. 4tan x sec x — esc?x 15. 0 
. 3x7 sinxcosx + x* cos? x — x3 sin? x 
. sect + et 21. ss — 23. —0(@ cos 6 + 2 sin 0) 
(1 — ese t)- 
. sec 0 csc O(tan 0 — cot 0) = sec? 6 — csc? 6 27. sec?q 
3 cos g — g? sing — qcosq — sin 
. sec?q ae =! ae a 


(¢ - 17 


33. 
35. 


37. 


39. 


43. 


45. 
47. 
55. 
57. 
61. 


(b) 2 sec? x — sec x 


(a) 2csce7x — cse x 


- B. hog ly ik ND 5 
y= —2y3x - 287 +2 y= V2x ~ “G~ + V2 
1 


= eer 0 7/4 a/2 


Yes, atx = 7 


=U 
4? 


(a) y=-xt7/2+2 () y=4-V3 

0 49% V3/2 SL-1 53.0 

—~\V2 m/sec, V2 m/sec, V2 m/sec”, V2 m/sec? 

c=9 59. sin x 

(a) i) 10cm if) Sem_ fi) 52 ~ —7.1 cm 

(b) i) Ocm/sec_ ii) -5V3 ~ -8.7 cm/sec 
iii) —5\V/2 ~ —7.1 cm/sec 


Section 3.6, pp. 168-171 


1. 
7. 


9. 


11. 


13. 


12x33. 3cos3x + 1) 5, —— 
2 Vsin x 
2ax sec? (ax") 
dy dy du 
. 7 | 5. 4. 
With wu = (2x + 1),y = u “dx dudx see 
10(2x + 1)4 
; ae — dy adu _ 
With u = (1 — («/7)),y =u dx dudx 
apf TY x\* 
Tu ( 7 1 a 
dy dy du 
— _ 4.0 : 
With u = (@°/8) + x — (1/0), y = wh = a 


Kay LY) 2 hx? i 
we-(¥+1+ 4) (3 a, 4 t) (G41 
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dy dydu _ 

dx dudx 

(sec u tan u)(sec?x) = sec (tan x) tan (tan x) sec? x 
3.9 _ dWdu 


17. With uw = tanx,y = uv ae dt ae 


15. With uw = tanx,y = secu: 


3usec?x = 


3 tan? x (sec? x) 
dy 
de 
i ay 
21. y=e“u=5 1X ay 
253. 7s 25. § (cos3t — sin 5?) 27. 
29. 2xsintx + 4x?sin?xcosx + cos?x + 2xcos?xsinx 


3 
31. (3x 2) 1 33. (4x + 3)"G4x + 7) 
(x + lt 


19. y = e“,u = —5. 5e™ 


TeS-T 


csc 8 
cot @ + csc @ 


2 


39, Vx sec?(2Vx) + tan(2V‘x) fj SSE oe 
— 2V7 + x sec x 


43. (1 + cos 6 45. —2sin(6*)sin 20 + 20cos (26) cos (07) 


PE t p> 3 2 
47. cos 49. 20e sin (e? 
(x + 2) ( i+ ) ie) 


8 sin (2t) 
“(1 + cos27)5 


35. (1 — xe + 3x" 37. (Se = 3x+ 3) e>*/2 


51. 27 sin(at — 2)cos(at — 2) 53 


55. 10¢!° tan?t sec?t + 107° tan!°r 


dy : 2 
57. er = —27 sin (mt — 1)+cos (at — 1)+ es (TY 

—31° (#2 + 4) ; 
59. (2 — 44 61. —2cos(cos(2t — 5))(sin(2t — 5)) 

Fans Some cae ee a 
63. (1 + tan (.)) (wn (5) (<)) 
tsin (0? 

65. — a. 67. 6 tan (sin? £) sec? (sin? f) sin* t cos t 


69. 3027 — 582-5) 7h §(1 . ae ae 2) 
x 

73. 2csc?(3x — 1)cot(3x — 1) 75. 16(2x + 1)? (5x + 1) 
77, 20222 + De 795/281. -7/4 83.0 85. -5 
87. (a) 2/3 (b) 27 + 5 (ce) 15 — 8% (d) 37/6 (e) -1 

(f) V2/24 (g) 5/32 (h) -5/(3V17) 89.5 
91. (a) 1 (b) 1 93. y= 1—- 4x 
95. (a) y= axt+2-—7 (b) 7/2 
97. It multiplies the velocity, acceleration, and jerk by 2, 4, and 8, 


respectively. 
99. v(6) = 2 ai/sec a(o) = oF saeee 
° 5 , 125 
Section 3.7, pp. 175-176 
any 1 — 2y 
"x + Qxy “2x+ 2y—1 
2x3 + 3x2y — xy? + x 
5. - 7. — 9. cos y cot y 
ry - ety y(x + 1) 
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ened = = 
a z 
7 ee ee 
ysin\ 7 cos| 5 xy 
2e* — +3 
(6, Vr yg = 
3 cos (x + 3y) Ve 0 
2 2 
he est x TP reeset Ty — x 
21. y yy 2 
dy yer 41 By (2x? + y2 — 2Wer — We" - 1 
23. = ; 
dx y dx ys 
25. ' Vy ” 1 
yo a 
Vy +1 (Vy +1) 
27.-2 29. (-2,1):m = -1,(-2,-1):m=1 
<i _ 4. 29 
31. (a) y 4x 5) (b) y x + 
33. @) y=3x4+6 0) yo-hr+$ 
6 | 6 _7 7 
35. (a) y ax +5 (b) y= 6. 6 
2 2 
a. y=oGehs Wy=—eo 7 ts 
= _ -~--*,1 
39. (a) y= 27x —- 27 (b) y= = + a 
41. Points: (-V7, 0) and (V7, 0), Slope: —2 
7 V3 V3 _ V3 1 
43. m 1 a (2 4°20 2 m V3 at 42 
45. (—3,2):m eg 3, Vine OiaeH 
8 8 8 
(3, —2):m = -7 
47. (3,—1) 
a2 pty de  t+3y de 1 
“dx x? + 3xy?’ dy yi + 2xy’ dy — dy/dx 
Section 3.8, pp. 185-186 
ty, - ¥_ 3 1 a 
1. (a) f(y) 773 3. (a) f = 47 
(b) 


(c) —4 


,—1/4 


5. 


7. 
17. 


23. 


31. 


37. 


41. 


_ 


43. 


im) 


45. 


47. 


49. 


51 


5. 


im) 


57. 


63. 


69. 


eS 


z 


I 


81. 


85. 


91. 


95. 


(b) 


(c) Slope of f at (1, 1): 3; slope of g at (1, 1): 1/3; slope of f at 
(—1, -1): 3; slope of g at (-1,—-1): 1/3 


(d) y = 0 is tangent to y = x° at x = 0; x = 0 is tangent to 


y= Wx atx = 0. 
1/9 93 wWt+i 132/115. -I1/x 
_!l _ 6 2 
re eae 19. 3/x 21. 2(Inf) + Und 
fig os a 

t x(1 + In x) xInx 
3x + 2 2 

2cos (In 0) 33. ~ Ix(x + 1) ° i(1 — Int? 
tan (In 6) a 1 

6 a? x2 + 2(1 — x) 

1 Senet il! 2x +1 
x(x i( t ) = 

(G) ie + Naw 


lear; 


1 
xt 
ae ne + 13? 


VO + 3(sin van +3) + cot 0) 


‘og, 3)3!082 1 


(vi) (BE 


é von(BE x *) 


1 
2 


1 1 1 1 1 1 = Df 1 
«+ neste to + ty] 3r7 + 6t 4 
g+5 1 rer 
OcosO}A+5 6° 
we x 2 
"@ +4 123% 5 241 34+ 1 
L 3/x@ — 2)/1 1 2x _ 
3 ar eo Bk | 55. —2 tand 


: —f s/f te) OL. &(L — rsind) 
e) COS X dy y>—xylny 
—— 65. se a 67. 2*Inx 
1 — ye’sin x dx x? — xylnx 
Ind \avy (r-1) 1 3 
(25}5 71. 7x 13s din2d 75. ind 
2(In r) 9 9 
* (In 2)(In 4) ‘GF? iha=1 
1 1 
sin (log, 0) ae in7°os (log, 0) 83. ind 


1 i v4 x 1 
87. 7 89. (x + 1) (5 + In(x 


:) 93. (sin x)*(In sin x + x cot x) 


») 


Section 3.9, pp. 192-193 


59. 


61. 


" |2s + 1]Vs? + 5 
"VWi-P 


, le|Ver-1 Ve t= 1 


(a) 7/4 (b) -7/3 (© w/6 
(a) —7/6 (b) 7/4 (© -2/3 
. (a) 7/3 (b) 37/4 +(e) 7/6 
. (a) 37/4 
. 1/V2 


(b) 77/6 
11. -1/V3 
of eee 

V1 — xt V1 — 27 
1 7. =2% 
et hye eae 
=1 =! 1 
” 2Vi(1 + 2) 7 (tan x)(1 + x?) 
J —1 —2s? 


37. ————_} 39. 0 
V1 — s? 


(ce) 27/3 


13. 7/2 15. 7/2 17. 7/2 


0 23 


—=€ 


1 


. sin x 
. (a) Defined; there is an angle whose tangent is 2. 


(b) Not defined; there is no angle whose cosine is 2. 


. (a) Not defined; no angle has secant 0. 


(b) Not defined; no angle has sine V2. 


(a) Domain: all real numbers except those having the form 
T 
2 
(b) Domain: —co < x < oo; range: —coO < y < Co 
(a) Domain: —co < x < oo; range:0 Sy Sa 
(b) Domain: —-1 S x S 1; range:-1 Sy <1 


+ ka where k is an integer; range: —7/2 < y < 7/2 


63. The graphs are identical. 
Section 3.10, pp. 198-202 
dA _ dr _ _ 
1. a ara 3. 10 5. —6 7. —3/2 
9. 31/13 11. (a) —180m?/min (b) —135 m?/min 
dV >dh dV dr 
13. (a) a Oe (b) rs. 2ahr i 
dV _ _4dh , dr 
(c) af ae 2arhr di 
15. (a) 1 volt/sec (b) -3 amp / sec 
( (Ra 1(4v_ Val 
dt I\dt Tldt 
(d) 3/2 ohms/sec, R is increasing. 
ds _ x dx 
i di few y? dt 
(b) ds _ x dx , y y () dx __ yay 
a p+ pdt Wyre pat dt X dt 
dA _ 1 pooe p 0 
19. (a) a 7 ab cos 07 
dA _ 1 dd 1, . .da 
(b) oo 7 abcos Oa 2bsind 
dA _ 1 1, .,da _1_. db 
(c) a 7 abcosd7. sind t 7asind 
21. (a) 14cm?/sec, increasing (b) 0 cm/sec, constant 


23. 
25. 


27. 


(c) —14/13 cm/sec, decreasing 
(a) —12 ft/sec (b) —59.5 ft?/sec 
20 ft/sec 


(c) —1 rad/sec 


dh _ dr _ 
(a) a 11.19 cm/min (b) a. 14.92 cm/min 


29. 


45. 


. 1 ft/min, 407 ft?/min 
. Increasing at 466/1681 L/min? 
. ~5 m/sec 


E ace i 
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(a) sp5 m/min (b) r= V26y — y?m 
dr_ 5 : 

(c) a B8ea m/min 

33. 11 ft/sec 


39. —1500 ft/sec 


10)..5 9053 
a7 +3 in /min 


. (a) —32/V13 ~ —8.875 ft/sec 


(b) d0,/dt = 8/65 rad/sec, d0,/dt = —8/65 rad/sec 
(c) d0,/dt = 1/6 rad/sec, d0,/dt = —1/6 rad/sec 
—5.5 deg/min 


Section 3.11, pp. 211-214 


1. 
7. 
15. 


63. 
65. 


. (a) 1.01 
3 

} we )a 21. 

(x Vx)" 


. (a) 0.41 
. (a) 0.231 
. (a) -1/3 (b) —2/5 (ec) 1/15 
. dV = 4ar¢ dr 
. (a) 0.087 m? 
. (a) 2% 


. The ratio equals 37.87, so a change in the acceleration of gravity 


Lax) =10x- 13 3LQ)=2 5 LW=x-7 


1 4 
11. 12* + 3 
f(0) = 1. Also, f’(x) = k(1 + x)!" so f'(0) = k. This means 
the linearization at x = 0 is L(x) = 1 + kx. 
(b) 1.003 


2x 9, -—x —5 13. 1 -—x 


2 — 2x? ” 
(1 + x”)? 


———_ dx 25. 7 cos (5V‘x) dx 


3 
. (4x?) sec'(*) dx 


. eet = 2V'x) cot (1 = 2Vx)) dx 


Via 
1 Ve 2x ; 
sev dx 33. dx 35. 
1+ 1 


(b) 0.4 (c) 0.01 
(b) 0.2 (c) 0.031 


47. dS = 12x dx 49. dV = 27mhdr 
(b) 2% 53. dV ~ 565.5 in? 


(b) 4% 57. 5% 59. 3% 


on the moon has about 38 times the effect that a change of the 
same magnitude has on Earth. 
Increase V ~ 40% 


(a) i) bb = fa) ii) b= f'@ 
b) O@=lretes @ Oy) == @= 1+ a= 17 


x x 

(e) Qa) = 1 tae 

(f) The linearization of any differentiable function u(x) at x = a 
is L(x) = u(a) + u'(a)(x — a) = by + bx — a), where bo 
and b, are the coefficients of the constant and linear terms 
of the quadratic approximation. Thus, the linearization for 
f(x) at x = Ois 1 + x; the linearization for g(x) at x = 1 
is | — (x — 1) or 2 — x; and the linearization for h(x) at 


: x 
x=Oisl +5. 


ili) b) = 
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67. (a) L(x) = xIn2 + 1 ~ 0.69x + 1 95. (a) y 
(b) 


(b) Yes (c) No 


| Ai 
3-2-1 of 1 2 3 


Practice Exercises, pp. 215-219 


1. 5x4 — 0.25x + 0.25 3. 3x(x — 2) (b) Yes (c) Yes 
5. 2(x + 1)(2x2 + 4x + 1) 59 2 i 
7. 3(07 + sec @ + 1)7(26 + sec 6 tan 0) 99. 24 and 2 4 101. (1, 27) and (2, 0) 
1 
9, ————.- _ 11. 2sec?xtanx 103. (a) (—2, 16), (3, 11 b) (0, 20), (1,7 
ill + Vi? a oe ) (b) ( ), C1, 7) 


13. 8cos*(1 — 2A)sin(1 — 28) 15. 5(sec f)(sec tf + tan tf)? 


Ocos@ + sind 9 cos V 20 
20 sin® "20 


21. xcsc (2) + CSc (2) cot (3) 


23; pil? sec (2x)? [ 16tan (2x)? — x? | 


17. 


25. —10x csc? (x?) 27. 8x3 sin(2x?) cos(2x?) + 2x sin?(2x?) 


-(+1 x 2 
ea tS 3,1, ' 
8r a+ 1) m(1 x t) 107. { 109. 4 
1 9 
96 : 111. Tangent: y = ——x + 7, normal: y = 4x — 2 
ee, ee oe | Sea eed a a 
(cos@ — 1) (5x2 + sin 2x)°/2 1 q 
2 sin cos 6 113. Tangent: y = 2x — 4, normal: y = ~5t + 2 
41. —2e>/9 43. xe* 45. "7 = 2cot 0 5 : i 
aa 115. Tangent: y = ~4t + 6, normal: y = 5t 5 
47. a 49. -8(In8) 51. 18x26 1 
(In2)x 117. (1, 1):m = > (1, -1): m not defined 
: 1 
53. @ + 27m + 2)+ 1) 55. ev gees 119. B = graph of f, A = graph of f’ 
121. y 
ee ee -1 to o1 we 
57. ra acta 59. tan'(f) + i+P 2 (4,3)@ y =f) 
(i, "2 pete Bat eee i 7 
ee Sec “Z eae . 1 C 
V2— 1 x +3 =I 4. 6" 
Feats bt eee 
gS ay —l. 123. (a) 0,0 — (b) 1700 rabbits, ~ 1400 rabbits 
4x — dy! . © 2y(e + 1P 125. -1 9127. 1/2, 12% 4131. 1 
73. -1/2 75. y/x 77. Den 79 dp = 6q — 4p 133. To make g continuous at the origin, define g(0) = I. 
, a il age "dq = 3p + 4q co 2| ae 2.| 
° 2 r tan 2x 
81. ar = (2r — 1)(tan2s) cos2x Lx" + 1 
a — : . ja gO EDP 1 1 
Cis" = gy aS " L@=DEFD] [FFT 7-1 7-2 743 
7 dx y dx xty3 
85. (a) 7 (b) —2 (©) 5/12 (@) 1/4 (@) 12 (f) 9/2 139. Te acot0) 
(e) 3/4 vo 
dS dr dS dh 
3/2 — — 
— 0. 3V2e TE oe SR) a i 93. ~2 141. (a) a (4arr + 27h) a (b) ae 2ar Hi 
4 2 (21 +. 1)? dS _ dr dh 
(c) oy (4ar + 27h) FP + Qarr 


dt 
__ or dh 
2r + h dt 


@ 7 = 
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143. —40 m/sec 145. 0.02 ohm /sec 147. 2 m/sec i7,@) a= 3 _ 9 i9,, Heda=4" ie even 
i. : me Z i 
149. (a) r= 2h (b) — ft/min 
3 5 Le 18 23. h’ is defined but not continuous at x = 0; k’ is defined and 
151. (a) 5 km/sec or 600 m/sec (b) = rpm continuous at x = 0. 
27. (a) 0.8156 ft — (b) 0.00613 sec 
153. (a) L(x) = 2x + 7 5 2 (c) It will lose about 8.83 min / day. 


Chapter 4 


Section 4.1, pp. 228-231 
1. Absolute minimum at x = c,; absolute maximum at x = b 


3. Absolute maximum at x = c; no absolute minimum 

5. Absolute minimum at x = a; absolute maximum at x = c 
7. No absolute minimum; no absolute maximum 

9. Absolute maximum at (0, 5) 11. (c) 13. (d) 

15. Absolute minimum at 17. Absolute maximum at 
x = 0; no absolute x = 2; no absolute 
maximum minimum 

y y 
fo) = |x| s 


y= g(x) 


=1 


19. Absolute maximum at x = 7/2; absolute minimum at 
x = 37/2 


y= -V2x+ \2(4 - )/4 


155. LQ) = 15x+05 187. dS = ah - 
. L(x) = 1.5x : ‘ = ———— 
Vr? + he 
159. (a) 4% (b) 8% (c) 12% 
Additional and Advanced Exercises, pp. 219-222 21. Absolute maximum: — 3; 23. Absolute maximum: 3; 
1. (a) sin 2@ = 2sin @cos 0; 2cos 20 = 2sin 6(—sin 0) 4 absolute minimum: — 19/3 absolute minimum: — | 
cos 0(2cos 0); 2cos 20 = —2sin?@ + 2cos*0;cos 20 = y y 
cos’@ — sin?6 —_ t a (2,3) Abs 
(b) cos 20 = cos?@ — sin?@; —2sin 20 = =o) 0) @ oo oo max 
2cos 6(—sin 9) — 2sin 6(cos 8); sin 20 = “IP yex-1 
cos @sin 6 + sin @cos 6;sin 20 = 2sin Ocos 0 -2r a i 
3. (a) a=1,b=0,c ; (b) b = cosa,c = sina ie 
>x 
_ 9 5V5 (—2, -19/3) x—5 -1 
5.h 4,k 774 5) Abe ~2<x<3 
min =F 0, —1) Abs 
7. (a) 0.09y (b) Increasing at 1% per year ‘a 
9. Answers will vary. Here is one possibility. 25. Absolute maximum: —0.25; 27. Absolute maximum: 2; 
A absolute minimum: —4 absolute minimum: —1 
5 
1 1 >x 


>t 
0 


11. (a) 2 sec, 64 ft/sec (b) 12.31 sec, 393.85 ft 


15. (a) m=—2 (b) m=—-l,b=a7 = 


(0.5, —4) 
Abs min 


A-18 


29. Absolute maximum: 2; 
absolute minimum: 0 


y 
Aa 


x (0, 2) Abs max 
1 


33. Absolute maximum: 2/3; 
absolute minimum: 1 


Abs max Abs max 
(3, 2/3) bar/3, 2/\3) 
1.2 
1.0 2 Geax 
y =csex 2, 1) 
0.87 7/3<x<2n/3 leg 
a ~ Abs 
0.6 
0.4 min 
0.2 
1 1 ae 
o| a/3 7/2 2n/3 


37. Absolute maximum is 
1/e atx = 1; absolute 
minimum is —e at 
x=-l. 


y 


Absolute 
maximum 


(Fl, SeS3 
Absolute _ 
minimum 
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31. Absolute maximum: 1; 
absolute minimum: — 1 


y 


(ar/2, 1) Abs max 


! \ 
m2 57/6 


; >6 
—a/2 


y=sin 0, —7/2 <0 <57/6 


= 
(—7/2, -1) 
Abs min 


35. Absolute maximum: 2; 
absolute minimum: —1 


y 
A 


(0, 2) Abs 


max 


min (3, —1) 


39. Absolute maximum value 
is (1/4) + In4atx = 4; 
absolute minimum value is 
1 at x = 1; local maximum 
at (1/2, 2 — In 2). 


Abs max at 6. + ab ind 
1.25 fx) = = + Inx 


Abs min at (1, 1) 


! 1 1 ! L_»y 
1 2 3 4 5 


41. Increasing on (0, 8), decreasing on (—1, 0); absolute maximum: 
16 at x = 8; absolute minimum: 0 at x = 0 
43. Increasing on (—32, 1); absolute maximum: | at 9 = 1; absolute 


minimum: —8 at 0 = —32 
45. x =3 
47.x=1,x=4 
49.x=1 


51. x =Oandx=4 


53. Minimum value is 1 at x = 2. 


55. Local maximum at (—2, 17); local minimum at ($ a st) 


57. Minimum value is 0 at x = —1 and x = 1. 
59. There is a local minimum at (0, 1). 


J . 1 ea ; 1 
61. Maximum value is = at x = 1; minimum value is — = at 


x=-l. 


2 


63. The minimum value is 2 at x = 0. 


rs : 1 
65. The minimum value is — | at x = & 


1 
oe 


: . 7 -_ 
67. The maximum value is 2 at x = 0; an absolute minimum value 


isOatx = 1landx =~—l. 


69. 


71. 


73: 


75. 


77. 


79. 
81. 
83. 


85. 
87. 


89. 


et pou Derivative | Extremum Value 
or endpoint 
eee 0 Local max | 12, 91/3 
x 5 75 10 1.034 
x=0 Undefined | Local min 0 
poesia poi Derivative | Extremum | Value 
or endpoint 
x=-2 Undefined | Local max 0 
x=-V2 0 Minimum —2 
x= V2 0) Maximum 2 
x=2 Undefined Local min 0 
cones pe Derivative | Extremum | Value 
or endpoint 
x=1 Undefined | Minimum 2 
same point Derivative | Extremum | Value 
or endpoint 
x=-l 0 Maximum 5 
x= 1 Undefined | Local min 1 
x=3 0 Maximum 5 
(a) No 


(b) The derivative is defined and nonzero for x # 2. Also, 
f(2) = Oand f(x) > 0 forall x # 2. 

(c) No, because (—©9, 00) is not a closed interval. 

(d) The answers are the same as parts (a) and (b), with 2 
replaced by a. 

Yes 

g assumes a local maximum at —c. 

(a) Maximum value is 144 at x = 2. 

(b) The largest volume of the box is 144 cubic units, and it oc- 
curs when x = 2. 


Uo? 


2¢ + So 

Maximum value is 11 at x = 5; minimum value is 5 on the inter- 
val [—3, 2]; local maximum at (—5, 9). 

Maximum value is 5 on the interval [3, C©); minimum value is 
—5 on the interval (—co, —2]. 


Section 4.2, pp. 237-239 


1; 


11. 
17. 


2 31 58 +,/1.-4 = +0771 
7 


1 I 
g(a Va) = 122,500 = V7) = 0.549 


*3 


. Does not; f is not differentiable at the interior domain point 


x=0. 
Does 13. Does not; f is not differentiable at x = —1. 
(a) 
7] oe oe oe > x 
i) -2 0 2 
oe e @ os >) 
ii) = at Ss ‘ 
wea —" @ >x 
iii) Sar - 
i e e e 2 2 >x 
iy) 0 4 9 18 24 


29. 
33. 


35. 


37. 


39. 


43. 


47. 
51. 


53. 


57. 


61. 


71. 


Yes 31h (a)4 (b)3 (3 

x? x x 
Ole O44e w7rte 
GL2C et ee  ©@m-2i6 
(a) — Seos 21 +C (b) 2sin5 £E 

1 nies 
(c) 7008 2t 2sin5 EE 
f@)=2—x 41. fa) =1t+F 
_ 1 — cos(mt) 


s= 49° + 5t+ 10 45. 5 = 

s=e4+19t4+ 4 49. s = sin(2t) — 3 

If 7(t) is the temperature of the thermometer at time f, then 
T(O) = —19°C and 7(14) = 100 °C. From the Mean Value 
T14) — TO) _ 
14-0 7 
8.5 °C/sec = T'(f), the rate at which the temperature was 
changing at f = f% as measured by the rising mercury on the 
thermometer. 

Because its average speed was approximately 7.667 knots, and 
by the Mean Value Theorem, it must have been going that speed 
at least once during the trip. 

The conclusion of the Mean Value Theorem yields 


a8 Lo e(4S*) =a b=>c 
b-a Ce ab 
f(x) must be zero at least once between a and b by the Intermediate 
Value Theorem. Now suppose that f(x) is zero twice between a and 
b. Then, by the Mean Value Theorem, f’(x) would have to be zero 
at least once between the two zeros of f(x), but this can’t be true 
since we are given that f’(x) # 0 on this interval. Therefore, f(x) 
is zero once and only once between a and b. 
1.09999 = f(0.1) S$ 1.1 


Theorem, there exists a0 < f < 14 such that 


Vab. 


Section 4.3, pp. 242-244 


1. 


11. 


13. 


(a) 0,1 
(b) Increasing on (—09, 0) and (1, 00); decreasing on (0, 1) 
(c) Local maximum at x = 0; local minimum at x = 1 


. (a) —2,1 


(b) Increasing on (—2, 1) and (1, 00); decreasing on (—°%, —2) 
(c) No local maximum; local minimum at x = —2 


. (a) Critical point at x = 1 


(b) Decreasing on (—©, 1), increasing on (1, &%) 
(c) Local (and absolute) minimum at x = | 


- (a) 0,1 


(b) Increasing on (—0o, —2) and (1, 0); decreasing on (—2, 0) 
and (0, 1) 
(c) Local minimum at x = 1 


. (a) —2,2 


(b) Increasing on (—0°°, —2) and (2, 00); decreasing on (—2, 0) 
and (0, 2) 


(c) Local maximum at x = —2; local minimum at x = 2 
(a) —2,0 
(b) Increasing on (—0©o, —2) and (0, 00); decreasing on (—2, 0) 
(c) Local maximum at x = —2; local minimum at x = 0 
aw 2a Ar 
(a) 553° 3 


15. 


17. 


19. 


21. 


23. 


25. 


27. 


29. 


31. 


33. 


35. 


37. 


39. 


A-19 
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; 2a Aq . T aw 27 
(b) Increasing on ( 373 ): decreasing on (0 ), (z. 22), 


and (%, Qa 
(c) Local maximum at x = 0 and x = =. local minimum at 


eo“ a= OF 


3 

(a) Increasing on (—2, 0) and (2, 4); decreasing on (—4, —2) and 
(0, 2) 

(b) Absolute maximum at (—4, 2); local maximum at (0, 1) and 
(4, —1); absolute minimum at (2, —3); local minimum at 
(—2, 0) 

(a) Increasing on (—4, —1), (1/2, 2), and (2, 4); decreasing on 
(-1, 1/2) 

(b) Absolute maximum at (4, 3); local maximum at (—1, 2) and 
(2, 1); no absolute minimum; local minimum at (—4, —1) 


and (1/2, —1) 

(a) Increasing on (—09, —1.5); decreasing on (—1.5, ©) 

(b) Local maximum: 5.25 at t = —1.5; absolute maximum: 5.25 
att = —1.5 

(a) Decreasing on (—0o, 0); increasing on (0, 4/3); decreasing 
on (4/3, 00) 


(b) Local minimum at x = 0 (0, 0); local maximum at 
x = 4/3 (4/3, 32/27); no absolute extrema 

(a) Decreasing on (—©°, 0); increasing on (0, 1/2); decreasing 
on (1/2, &%) 

(b) Local minimum at 6 = 0 (0, 0); local maximum at 
6 = 1/2 (1/2, 1/4); no absolute extrema 

(a) Increasing on (—©9, 00); never decreasing 

(b) No local extrema; no absolute extrema 

(a) Increasing on (—2, 0) and (2, 00); decreasing on (—°%, —2) 
and (0, 2) 

(b) Local maximum: 16 at x = 0; local minimum: 0 at x = +2; 
no absolute maximum; absolute minimum: 0 at x = +2 

(a) Increasing on (—0°°, —1); decreasing on (—1, 0); increasing 
on (0, 1); decreasing on (1, ©) 

(b) Local maximum: 0.5 at x = + 1; local minimum: 0 at 
x = 0; absolute maximum: 1/2 at x = +1; no absolute 
minimum 

(a) Increasing on (10, oo); decreasing on (1, 10) 

(b) Local maximum: | at x = 1; local minimum: —8 at x = 10; 
absolute minimum: —8 at x = 10 

(a) Decreasing oe ae -2); increasing on (—2, 2); decreas- 
ing on (2, 2V2 

(b) Local minima: g(—2) = —4, g(2V2) = 0; local maxima: 
g( 22) = 0, g(2) = 4; absolute maximum: 4 at x = 2; 
absolute minimum: —4 at x = —2 

(a) Increasing on (—09, 1); decreasing when 1 < x < 2, de- 
creasing when 2 < x < 3; discontinuous at x = 2; increas- 
ing on (3, 00) 

(b) Local minimum at x = 3 (3, 6); local maximum at 
x = 1(1, 2); no absolute extrema 

(a) Increasing on (—2, 0) and (0, 00); decreasing on (—°%, —2) 

(b) Local minimum: —6W2 atx = —2; no absolute maximum; 
absolute minimum: —6\/2 at x = —2 

(a) Increasing on (—00, -2/V7) and (2/ V7, oo); decreasing 
on (-2/V7, 0) and (0, 2/V7) 

(b) Local maximum: 24W/2/77/° ~ 3.12 at x = —2/V7; local 
minimum: —24/2/77/6 ~ —3.12 at x = 2/7; no abso- 
lute extrema 


A-20 


41. 


43. 


45. 


47. 


49. 


51. 


53. 


55. 


57. 


59. 


61. 
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(a) Increasing on ((1/3) In (1/2), ©), decreasing on 
(—09, (1/3) In (1/2)) 


(b) Local minimum is 


52 at x = (1/3) In (1/2); no local 


. ick . 3 
maximum; absolute minimum is pp 
no absolute maximum 


(a) Increasing on (e"!, 00), decreasing on (0, e!) 

(b) A local minimum is —e~! at x = e7!, no local maximum; 
absolute minimum is —e~! at x = e”!, no absolute 
maximum 

(a) Local maximum: | at x = 1; local minimum: 0 at x = 2 

(b) Absolute maximum: | at x = 1; no absolute minimum 

(a) Local maximum: | at x = 1; local minimum: 0 at x = 2 

(b) No absolute maximum; absolute minimum: 0 at x = 2 

(a) Local maxima: —9 at t = —3 and 16 at t = 2; local mini- 
mum: —16 at t = —2 

(b) Absolute maximum: 16 at t = 2; no absolute minimum 


(a) Local minimum: 0 at x = 0 
(b) No absolute maximum; absolute minimum: 0 at x = 0 
(a) Local maximum: 5 at x = 0; local minimum: 0 at x = —5 


and x = 5 

(b) Absolute maximum: 5 at x = 0; absolute minimum: 0 at 
x =—Sandx=5 

(a) Local maximum: 2 at x = 0; 


local minimum: atx = 2 


ve V3 
4V3 — 6 
(b) No absolute maximum; an absolute minimum at 
x=2-V3 
(a) Local maximum: | at x = 7/4; 
local maximum: 0 at x = 77; 
local minimum: 0 at x = 0; 
local minimum: —1 at x = 37/4 
Local maximum: 2 at x = 77/6; 
local maximum: V3 at x = 277; 
local minimum: —2 at x = 77/6; 
local minimum: V3 at x = 0 
(a) Local minimum: (7/3) — V3 atx = 27/3; 
local maximum: 0 at x = 0; 
local maximum: 7 at x = 277 


. (a) Local minimum: 0 at x = 7/4 


73s 
75. 


at x = (1/3) In (1/2); 


77. 


79. 
83. 


85. 


a=-2,b=4 
(a) Absolute minimum occurs at x = 7/3 with 
f(a /3) = —In 2, and the absolute maximum occurs at 


x = 0 with f(0) = 0. 

(b) Absolute minimum occurs at x = 1/2 and x = 2 with 
fU/2) = f(2) = cos (In 2), and the absolute maximum oc- 
curs atx = | with f(1) = 1. 

Minimum of 2 — 21In2 ~ 0.613706 at x = In 2; maximum of 

latx=0 


Absolute maximum value of 1/2e assumed at x = 1/ Ve 
—1 
A _ 1 
Increasing; i ox 
af 
: ge ee eS 
Decreasing; a x 
Section 4.4, pp. 252-255 
Local maximum: 3/2 at x = —1; local minimum: —3 at x = 2; 


1. 


point of inflection at (1/2, —3/4); rising on (—0o, —1) and 
(2, 0); falling on (—1, 2); concave up on (1/2, 00); concave 
down on (—0o, 1/2) 


. Local maximum: 3/4 at x = 0; local minimum: 0 at x = +1; 


3 3 
points of inflection at (- V3, ay) and (v3 wi), 

rising on (—1, 0) and (1, 00); falling on (—o0, —1) and (0, 1); 
concave up on (—00, -V3) and (V3, 00); concave down on 


(V3, V3) 
v3 


: —21 _ T 
. Local maxima: 37 + a at x Qn /3, ats at 
x = 7/3; local minima: = 2 at x = —2/3, a ” 


at x = 27/3; points of inflection at (7/2, —7/2), (0, 0), and 
(a /2, 7/2); rising on (—77/3, 7/3); falling on (27/3, —77/3) 
and (7/3, 27/3); concave up on (—7r/2, 0) and (7/2, 27/3); 
concave down on (—277/3, —7/2) and (0, 7/2) 


. Local maxima: | at x = —7/2 and x = 7/2, Oat x = —27 


and x = 277; local minima: —1 at x = —37/2 and x = 37/2, 
0 at x = 0; points of inflection at (—7, 0) and (7, 0); ris- 

ing on (—3a/2, —7/2), (0, 7/2), and (37/2, 277); falling on 
(—277, —32/2), (-7/2, 0), and (7/2, 37/2); concave up on 
(—27r, —77) and (77, 277); concave down on (~77, 0) and (0, 77) 


y 
A 


y=x2- 3x43 


65. Local maximum: 3 at 0 = 0; 
local minimum: —3 at 6 = 27 

67. 

y y y y 

1 1 1 
Tr. y= fa) y=fa 

al rt * ol rol ; "al 

(a) (b) (c) (d) 
69. (a) (b) 


i) 


y = g(x) 


ro 


0 


(2, -1) 
Abs min 


—2r 
d, 1) 
,_ Loc min 


= 1 


>x 


13. y 


(2, 5) Loc max 


17; y 


Loc max 


(0, 0) \ 


* GB, 


27) 


Abs min 
@,=1) 


Ss ae: 


Abs min 
Ci=1) fi 


21. 


y 


Loc max 4 
(0, 0) 


y= x — 5x4 


(4, —256) 
Loc min 


y=xtsinx 


(a, 7) 


Abs max 
(277, 277) 


25. 


Loc max 
4/3, 4\ 37/3 +1 
( ) 
Infl / 
(30/2, 3 3ar/2 

(x/2, \3m/2) 


! 1 l ! >x 
a/2 7 30/2 In 


(2m, 2\30 — 2) 
Abs max 


ence 


(0, —2) 
Abs min 


y = \3x — 2cosx 


27. 


y = sin x cos x 

re Abs max 

(7/4,1/2) Inq Loc max 
(a, 0) 


(0, 0) 
Loc min 


(32/4, —1/2) 
Abs min 


2r 1/5 


—ib 


29. y 


Vert tan 
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A-21 


33). 9 35. y 
Ii y= ax 3x7/3 
+ Cusp, Loc max 
(0, 0) 
1 1 SS 
= 1 5 
=] 
G@=) Infl 
[ Loc min (- 1/2, 3/\4) 
[ 1 1 c 
= @.01 = 
ia Cusp 
Loc min 
37. 4 Abs max 39. y 
, 2,4) (0, 4) Abs max 
3 
2, 
Loc max 
(-2,2, 0) (0, 0) Inf (-4,0) (4,0) 
! ! — >x Abs min Abs min 
1 2 (aya, 0) 
Loc min 
y= xV8 — x2 
(=2, =4) 
Abs min 
43. y 
A 
Q2) 7 
y 8x [ Abs max (3, \3) 


Abs min 


aL (,e) 


Loc min 


bop 4 Zire > x 
—-4 -3 -2 -1 \.1 2 3 4 
Cusp 
Abs min 
51. y 
y=nB- x?) Pil Loc max 


(0, In 3) 


Lyx 
3 


3 
im 
12 
| 
I 
I 
| 
I 
J 


A-22 


53. y 
A 
y =e* —2e* — 3x 
Le 
0.5 
po 4 14 Sx 
=1,5=—1=-0:5 05 1 2 
os 
(0, —1) (In2, 1 —31n2) 
Loc max 


Loc min 


‘ST = (Qyeald) 


Inflection 


(0, 0.5) Inflection 
1 1 Ly» x 


-3 -2 123 


65. y" = 4(4 — x\(5x2 
Loc max 
x= 8/5 


Loc min 
x=0 


71. y” = 2 tan @ sec? 0, —Zecg<Z 


2 


d= =] Loc max 


t=0 
Loc min Infl 


Abs min 
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55. Loc 
max 
y (0,0) 

Loc Loc 3 Loc Loc 
max max max max 
(—47,0) (—27,0) 27/ (22,0) (47,0) 
-4n -20 1 Qa 4a 

hy a L, ty x 
yy of i yl otf Vl 
yy Wy 1) ie || oo | 
yoyo oy yy ql 

1 6 fl Yt oy ol 

a Yt oq ol 

FA Fou oF 4 
y = In(cos x) 


59. y" = 1 — 2x 


Loc max 


16x + 8) 


fae dg ee 
69. y 7 OSC" 55 
0<0< 27 
O=a7 
Abs max 


2 


x=-1 
Infl 
Vert tan 


77. y" = zee a Sas 


Infl 
vert tan 
x=0 


x=1 
Abs min 


Loc min 


103. 


107. 


109. 
111. 


115. 
121. 
123. 


y = 8/(x2 + 4) 


> x 


T = = 


(a) Towards origin: 0 = t < 2 and 6 = t = 10; away from 
origin: 2 = t= 6and10 =f = 15 

(b) t= 2,t=6,t = 10 

(ec) t=5,t=7,t = 13 

(d) Positive: 5 = t = 7, 13 S t = 15; negative: 
OS7=5,7 S71 = 13 


=~ 60 thousand units 

Local minimum at x = 2; inflection points at x = 1 and 
x= 5/3 

b=-3 119. —1,2 

a=1,b=3,c=9 


The zeros of y’ = 0 and y” = 0 are extrema and points of 
inflection, respectively. Inflection at x = 3, local maximum at 
x = 0, local minimum at x = 4. 


A-23 


Chapter 4: Answers to Odd-Numbered Exercises 


125. The zeros of y’ = 0 and y” = 0 are extrema and points of in- 
flection, respectively. Inflection at x = — /2:; local maximum 
at x = —2; local minimum at x = 0. 


y= Ax(x? +8) / 


y= Sx + 16x? — 25 


y" = 16(x3 + 2) 


Section 4.5, pp. 262-263 


1.-1/4 3.5/7 51/2 7.1/4 9, —23/7 
11..5/7 13.0 15.-16 17.-2 19. 1/4 

21.2 233 25-1 27.in3 29, - 4. ind 
33.1 35.1/2 37.In2  39.-co 41. -1/2 
43.-1 45.1 47.0 49.2 S51. 1/e 53.1 

55. 1/e S57 e/? 591 61.2 63.0 65.1 
67. 3 69. 1 71. 0 73. Co 75. (b) is correct. 
77. (d) is correct. 79, c= ca 81. (b) = 83. —1 

10 2 
87.(a) y=1 by y= O.y= 35 


89. (a) We should assign the value 1 to f(x) = (sin x)* to make it 


continuous at x = 0. 
5 


1 l 1 1 1 
O05 1 15 2 25 3 


(c) The maximum value of f(x) is close to 1 near the point 
x =~ 1.55 (see the graph in part (a)). 


> xX 


Section 4.6, pp. 270-276 
1. 16 in., 4 in. by 4 in. 


3. (a) (x, 1 — x) (b) A(x) = 2x1 — x) 


1 : 1 
(c) 5) square units, | by 5) 


14-2 35.0, 5:3 
5. 3 x 3 x 3in., ai 
7. 80,000 m?; 400 m by 200 m 
9. (a) The optimum dimensions of the tank are 10 ft on the base 
edges and 5 ft deep. 
(b) Minimizing the surface area of the tank minimizes its weight 
for a given wall thickness. The thickness of the steel walls 
would likely be determined by other considerations such as 


structural requirements. 
W.9%X 18in. 13. 5 15. hir = 8:7 


2450. 3 


in 


A-24 


17. 


19. 
21. 


23. 


25. 
27. 


29. 


33. 


35. 
37. 


39. 
43. 
45. 


47. 


Chapter 4: Answers to Odd-Numbered Exercises 


(a) Vix) = 2x(24 


2x)(18 — 2x) (b) Domain: (0, 9) 


A Maximum 
1600 L x = 3.3944487 V = 1309.9547 


(c) Maximum volume ~ 1309.95 in? when x ~ 3.39 in. 

(d) V'(x) = 24x? — 336x + 864, so the critical point is at 
x = 7 — V13, which confirms the result in part (c). 

(e) x = 2in. or x = Sin. 

= 2418.40 cm? 

(a) h = 24,w = 18 

(b) V 


(24, 10368) 
Abs max 


4000 V = 54h2 — 


0 i 


111 >h 
5 10 15 20 


253035 
If r is the radius of the hemisphere, h the height of the cylinder, 


1/3 1/3 
and V the volume, then r = () and h = (¥) F 


8a 7 
(b) aes (c) L = 11in. 
Radius = V2m, height = 1 m, volume = 2 my! 
1 31. — m, triangle; V3 m, circle 
9+ V30r + V30 
3 
5 x 2 
(a) 16 (b) -1 
(a) v(0) = 96 ft/sec 


(b) 256 ft at t = 3 sec 

(c) Velocity when s = 0 is v(7) = —128 ft/sec. 

~46.87ft 41. (a) 6 X 6V3 in. 

(a) 4V3 x 4V6 in. 

(a) 107 ~ 31.42 cm/sec; when t = 0.5 sec, 1.5 sec, 2.5 sec, 
3.5 sec; s = O, acceleration is 0. 

(b) 10 cm from rest position; speed is 0. 

(a) s = (12 — 128% + 6422)!/? 

(b) —12 knots, 8 knots 

(c) No 

(d) 4\V13. This limit is the square root of the sums of the 
squares of the individual speeds. 


at 
49. x= yur 
Cc 
51. 5) + 50 
2km 2km 
53. (a) “he (b) ae 
57. 4 X 4 X 3 ft, $288 59. M= 5 65. (a) y=—1 


67. 


(a) The minimum distance is — 


(b) The minimum distance is from the point (3/2, 0) to the point 
(1, 1) on the graph of y = Vx, and this occurs at the value 
x = 1, where D(x), the distance squared, has its minimum 
value. 


y D@) D(x) = Oe t+ 2 


1 
1 
1 
1 
1 
1 
1 
1 
1 


>x 


Section 4.7, pp. 279-280 


1. 


7. 
9. 


11. 


15. 
17. 
21. 
27. 


29. 


gear Bb 3 wy = —2t 5763 y = 2387 
a BP "2 31? 4945 * "2" 2000 
x,, and all later approximations will equal x. 


\r,x=0 
y=4— 
. \-x,x <0 


The points of intersection of y = x? and y = 3x + 1 or 

y = x3 — 3x and y = | have the same x-values as the roots of 

part (i) or the solutions of part (iv). 13. 1.165561185 

(a) Two (b) 0.35003501505249 and — 1.0261731615301 

+ 1.3065629648764, + 0.5411961001462 19. x ~ 0.45 

0.8192 23. 0, 0.53485 25. The root is 1.17951. 

(a) For x) = —2 or x) = —0.8, x, >—1 as i gets large. 

(b) For x9 = —0.5 or x) = 0.25, x; > 0 as i gets large. 

(c) For x) = 0.8 or x) = 2, x;— 1 asi gets large. 

(d) For x) = —V21/7 or x) = V21/7, Newton’s method does 
not converge. The values of x; alternate between — V1) 7 
and V’21/7 as i increases. 

Answers will vary with machine speed. 


Section 4.8, pp. 287-290 


iF 
3. 


5. 


. (a) cos (7x) 


. (a) tanx (b) 2 tan (3) (c) Htan(3*) 


2 OF 2-#4s 
(a) x?) 5x3 (© — feo + at + 3x 
(a) -$ ) -2 © 2+? 
3 
- (a) V8 (b) Vx (c) ae Wk 
. (a) x23) (b) x3 (ce) x 18 


. (a) Inx (b) 7Inx (ce) x—5Inx 


(b) —3cosx (ce) —scos (ax) + cos (3x) 


17. 


19. 


21. 


23. 


25. 


31. 


35. 


39. 


45. 


51. 


55. 


59. 


63. 


69. 
83. 


85. 


87. 
93. 
97. 
101. 


105. 
109. 
113. 


117. 
119. 
121. 
123. 


(a) —cscx (b) Ese (5x) (c) 2csc (%) 


(a) Fe (b) -e* © 209" 
Day = il jy 1 (5) 
ia? aoe wos) 
(a) 2sin!x (b) Stan x (c) Stan"! 2x 
2 2 4 2 
x” nie x" 5Sxt 
7 txt r+ ate 29. “5 y + e+ C 
_1_v _x, 3 9/3 
i i a 
2372 4 3.4/3 4 2_ 8 34 
37 + 4x G 37. 4y 3) ace oF 
et+eec a2vi-4+C 43. -2sint+C 
Vit 
-21 cos ie 47. 3cotx +C 49, —Fese 8 +C 
Losey 53-8 +o 4 
3 . In 4 


4secx — 2tanx+C 57; beget + cotx + C 


2 
5+ ae +C 61. In|x| — Stan! x + C 
3x(V34D 
aE 65. tand + C 67. —cotx —x+C 
V3+1 
—cosd+O0+C 


iy re 
(a) Wrong: £(5 sin x + c) 2 sin x + 5) cosx = 
2; 


: x 
S81, X%. 4 y COS x 


(b) Wrong:  ( xcosx + C) =—cosx + xsinx 


; d : ' 
(c) Right: a xcosx + sinx + C) = —cosx + xsinx 4 
cos x = x sin x 


3 2 
(Wong (4M yc) = et D 


2(2x + 1) 


(b) Wrong: © ((2x + 13+ C) = 32x + 1°22) = 
6(2x + 1)? 


(c) Right: © (2x + 1)3 + C) = 6(2x + 1)? 


Right 89. (b) 91. y= x? — 7x + 10 
ey eee = oy!/3 

: i en ia 95. y= 9x? + 4 
s=ttsint+ 4 99. r = cos(7@) — 1 


at I - Hig 
v= sect + 5 103. v = 3sec 't-— 7 


y=r—-xe+4x41 107, r= 5+ 2-2 
y=x-4°4+5 111. y =-sint + cost+ P—- 1 
1 


y = 2x7/? — 50 115. y=x— x +5 


y = —sinx — cosx — 2 

(a) (i) 33.2 units, (ii) 33.2 units, (iii) 33.2 units (b) True 
t = 88/k,k = 16 

(a) v = 10/2 — 6f!/2 (b) s = 46/2 — 47/2 


Chapter 4: Answers to Odd-Numbered Exercises A-25 


127. (a) —Vx+C (b) x+C (2) Vx¥t+C 
(d) -x+C (—) x-Vx+C (ff) -—x- Vx +C 


Practice Exercises, pp. 291-295 
1. No 3. No minimum; absolute maximum: f(1) = 16; critical 
points: x = 1 and 11/3 
5. Absolute minimum: g(0) = 1; no absolute maximum; critical 


point: x = 0 
7. Absolute minimum: 2 — 2 In 2 at x = 2; absolute maximum: 1 
atx = 1 


9. Yes, except at x = 0 11. No 15. (b) one 
17. (b) 0.8555 99677 2 
23. Global minimum value of 4 atx = 2 
25. (a) t = 0, 6, 12 (b) t = 3,9 (c) 6<t< 12 
(d) 0<r<6,12<r< 14 
29. 


y 


y= x + 67 - 9x + 3 


35. 37. 


41. 


2 
y = In(x? — 4x + 3) zg a 
ae! 
i 


I> 


1 n 
= 1 2 3 
eas =1 
:7 -= 


A-26 


Chapter 4: Answers to Odd-Numbered Exercises 


43. (a) Local maximum at x = 4, local minimum at x = —4, 


inflection point at x = 0 
x=4 


(b) 


Loc min 


x=-4 
45. (a) Local maximum at x = 0, local minima at x = —1 and 
x = 2, inflection points at x = (1 + V7) /3 
(b) Loc max 


x=-l x=2 


47. (a) Local maximum at x = -V2, local minimum at x = V2, 
inflection points at x = +1 and 0 


Loc max 


(b) 


SSR Aw ap SH eRe ie 


r -3 


63. 0 


61. 5 65. 1 67. 3/7 69. 0 71. 1 
73. In 10 75. In2 77. 5 79, —Co 81. 1 83. 
85. (a) 0, 36 (b) 18, 18 87. 54 square units 
89. height = 2, radius = V2 
91. x = 5 — VShundred ~ 276 tires, 

y= 2(5 = V5) hundred ~ 553 tires 
93. Dimensions: base is 6 in. by 12 in., height = 2 in.; maxi- 


mum volume = 144 in? 
4 
95. x5 = 2.1958 23345 97. 2 + 2x2 a a a 


99. 


105. 


109. 


113. 


117. 


121. 


125. 
127. 


129. 


131. 


133. 


1 
101. aa 


s 
107. 10tan75 + C 


1 1 _ x 
wa V20+C 111. ax — sing iC 


x? 1 7 
3Inx—~ > +C M15. se tet +C 
@2-7 
2-7 


262-44 103. (@2 + 132 +C 


rl + x3/44C 


+ € 119. sec"! |x| + C 


eel 


x 123. r = 45/2 + 4/2 — 87 


aa 


Yes, sin™!(x) and —cos”!(x) differ by the constant 7/2. 

1/2 units long by 1/Ve units high, A = 1/V2e ~ 

0.43 units? 

Absolute maximum = 0 at x = e/2, absolute minimum = 

—0.5 at x = 0.5 

x = +1 are the critical points; y = 1 is a horizontal asymp- 

tote in both directions; absolute minimum value of the function 

is eV2/? at x = —1, and absolute maximum value is eV?” at 

x= 1. 

(a) Absolute maximum of 2/e at x = e”, inflection point 
(e8/3, (8 /3)e 4/9), concave up on (e*/3, co), concave down 
on (0, e8/3) 

(b) Absolute maximum of | at x = 0, inflection points 
+1/V2, 1/Ve), concave up on (—00, -1/V/2) U 
1/V2, 00), concave down on (-1/V2, 1/V2) 

(c) Absolute maximum of | at x = 0, inflection point 

(1, 2/e), concave up on (1, 00), concave down on (—09, 1) 


Additional and Advanced Exercises, pp. 295-298 


1. The function is constant on the interval. 
3. The extreme points will not be at the end of an open interval. 
5. (a) A local minimum at x = —1, points of inflection at x = 0 
and x = 2 
(b) A local maximum at x = 0 and local minima at x = —1 
+ 
and x = 2, points of inflection at x = aa) a 
9. No Wl. a=1,b=0,c=1 
13. Yes 
15. Drill the hole at y = h/2. 
17.r= ee > 2R,r = RifH S 2R 
ar XH — RB {Fr < 
10 5 1 1 1 
19. (a) 3 (b) 3 (c) 7 (do (e) > (1 (g) 2 
(h) 3 
c—b ct+b b? — 2be + c? + 4ae 
21. (a) %e (b) 5) (c) cP 
ct+bt+t 
(d) 5) 
1 1 
23. Mo = 1 qm qd 


27. (a) k = —38.72 


29. Yes, y=x+C 


Chapter 5 


Section 5.1, pp. 307-309 
1. (a) 0.125 (b) 0.21875 (ce) 0.625 (d) 0.46875 
3. (a) 1.066667 (b) 1.283333 (c) 2.666667 (d) 2.083333 
5. 0.3125, 0.328125 7. 1.5, 1.574603 


9. (a) 87in. (b) 87 in. 11. (a) 3490 ft (b) 3840 ft 
13. (a) 74.65 ft/sec (b) 45.28 ft/sec (c) 146.59 ft 

31 
15, 16 17, 1 


19. (a) Upper = 758 gal, lower = 543 gal 
(b) Upper = 2363 gal, lower = 1693 gal 
(c) ~ 31.4h, ~ 32.4h 

21. (a) 2 (b) 2V2 ~ 2.828 


(c) ssin(Z) =~ 3.061 


(d) Each area is less than the area of the circle, 7. Asn 
increases, the polygon area approaches 77. 


Section 5.2, pp. 315-316 


6(1) 6(2) 
oes ae a ee 
3. cos(1)a + cos(2)a + cos(3)a + cos(4)7 = 0 
5. sina — sin= + sinZ = V3 = 2 7. All of them 9. 
2 3 2 
6 44 5 1 
nyse SS CU LE 
k=1 12 k=l k 
17. (a) -15 (b) 1 (ec) 1 (dd) 11 (© 16 
19. (a) 55 (b) 385 (ec) 3025 
21. —56 235=73 25. 240 27. 3376 
29. (a) 21 (b) 3500 (ce) 2620 
31. (a) 4n (b) cn (c) (? — n)/2 
33. (a) (b) 
ey y 
A 2.3) i a 
F(x) =x 1, fi f(x) = x?-1, , 
O<x=<2 ' 0O<x=2 ! 
Left-hand ! Right-hand 
2b 1 2 i 
1b ; IF 
| >xX >Xx 
a. 2 0 €; Cy =1 3 cy=2 
A -1 wv 
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()  y 
A — 
ni (2,3) 
fa) =x? = 1, 
O=x=2 
Midpoint 
~ aan 
f 
1 
1 
Ip ' 
1 
1 
1 
r : >xX 
O} ey 1) 1 ¢3 Cy 
a 
\ 
-1 7 
35. (a) 
y y 
A 
f(x) = sinx, f(x) = sinx, 
ST SxS Tsk Sr 
Left-hand fa Right-hand ae 


A-27 


(c) y 37. 1.2 


f(x) = sin x, . 3 Qn 6n2’ 3 


Snax 7 


ee its at. ioe 27n = ss 12 
NI FZ x 2n 
ee a 
6 6n- 6 
ier | 1 1 


Section 5.3, pp. 324-328 


2 5 3 
uf eae af (e-a as s. | — di 
0 -7 2+ * 
0 
Ff 
—11/4 


9. (a) O (b) -8 (c) -12 (d) 10 (e) -2 
11. (a) 5 (b) 5V3. (@) —5- (d) -5 

13. (a) 4 (b) —4 15. Area = 21 square units 

17. Area = 97/2 square units 19. Area = 2.5 square units 


sec x dx 


(f) 16 


21. Area = 3 square units 23. b/4 25. b — a? 

27. (a) 27 = (b) 7 29. 1/2 31. 37/2 33. 7/3 

35. 1/24 37. 3a?/2 39. b/3 41. —14 

43. —2 45. —7/4 47. 7 49. 0 

51. Using n subintervals of length Ax = b/n and right-endpoint 
values: 


b 
Area = 7 3x? dx = b 
0 


53. Using n subintervals of length Ax = b/n and right-endpoint 
values: 


b 
Area = | 2x dx = b? 
0 


55. av(f)=0 57. 
61. (a) av(g) 


av(f) = — 
=—1/2 (b) av(g) = 1 


59. av(f) = 
(c) av(g) = 1/4 


A-28 


63. 
69. 


73 


75 


77 


Chapter 5: Answers to Odd-Numbered Exercises 


c(b — a) 65. b>/3 — a3/3 67. 9 
b*/4 — at/4 71. a = 0 and b = | maximize the integral. 
Upper bound = 1, lower bound = 1/2 


1 1 
For example, / sin (x?) dx = | dx =1 
0 0 


b b 
f(x) dx = / Odx = 0 79. Upper bound = 1/2 


a a 


Section 5.4, pp. 336-339 


1. 
11. 
21. 
29. 


37. 


43. 
51. 


61. 


65. 


67. 


69. 


136 


77. 
81. 


83. 


10/3 3. 124/125 5. 753/16 7.1 9 23 
0 13-7/4 15.1 7 17.2 —“ 19. —8/3 
—3/4 23. V2-W8+1 25.-1 27. 16 

1/3 31. 20/333, 447-27) 38, He — 1) 
V2 - V5_—_39. (cosVx) (=) 41. 41 

3x26 45. V1 + 2 47. — Fax sinx 49. 0 

1 53, 2xel/" 55, 157. 28/3 59, 1/2 

7 63. ae 


T 
d,since »' = and yom) = [ rat 3=-3 
T 


0 
b, since y’ = secx and y(0) = i sectdt+4=4 
0 


ee | sectdt+ 3 71. <bh 73. $9.00 
oF: 


(a) T(0) = 70°F, T(16) = 76°F, 


T(25) = 85°F 
(b) av(T) = 75°F 
2t = 2 79. —3x+ 5 


(a) True. Since f is continuous, g is differentiable by Part 1 of 
the Fundamental Theorem of Calculus. 

(b) True: g is continuous because it is differentiable. 

(c) True, since g’(1) = f(1) = 0. 

(d) False, since g"(1) = f’C1) > 0. 

(e) True, since g’(1) = O and g"(1) = f'(1) > 0. 

(f) False: g"(x) = f'(x) > 0, so g” never changes sign. 

(g) True, since g’(1) = f(1) = O and g'(x) = f(x) isan 
increasing function of x (because f’(x) > 0). 


@) v= F=f fode= 10 


> (5) = f(S) 


2 m/sec 


(b) a = df/dt is negative, since the slope of the tangent line at 
t = 5 is negative. 


3 
(c) s= 7, f(x) dx = 503)3) = =m, since the integral is the 
0 


area of the triangle formed by y = f(x), the x-axis, and 
x = 3. 
(d) t = 6, since after t = 6 to t = 9, the region lies below the 
X-axis. 
(e) Att = 4 and t = 7, since there are horizontal tangents there. 
(f) Toward the origin between tf = 6 and t = 9, since the veloc- 
ity is negative on this interval. Away from the origin between 
t = 0 and t = 6, since the velocity is positive there. 


(g) Right or positive side, because the integral of f from 0 to 9 
is positive, there being more area above the x-axis than 
below. 


Section 5.5, pp. 345-346 


1. 


67. 


69. 


75. 


77. 


; 0 O® + 4xPp + C 


is Le +C 


. (a) —F(cot*2#) ie 

: -3 — 257 + C 

. (-2/(1 + Vx)) + 
Lg (x : 

+ 5 Sin (5) sia oS 27. (5 1) aE 

F — Fcos (x9? +1)+C 31 


sin?(1/6) 
e -sin(} - 1) +C 35. Re Cc 


2 


. ein + CO 


~z-mdt+eé)+C 


F(x +4%+C 3. -h2 +5) eC 


7. — feos 3x ie. 


5 i Ne a eae oe 


1 


. =(03/2 — 1) - £ sin (2x4? —2)+C 


3 
(b) —F(cse?20) + C 


19. -2d — p54 +E 


23. Ftan (3x nee si 


1 


* 2cos(2t + 1) a 


? 2 1 
5 (ll + x/2- 21 + x)!24+C 39. (2 - +) 


1 oi 12 4 
Boa? 4 


x)! = xP +C 


53. 2tan(eV¥+1)+C 55. In|Inx| +C 


ee 
59. 6 fan (%) +c 


eit x tC 63. Fsin-!x) aa oS 65. In|tan!y| + C 
6 6 
Cc tC 
(a) 2 + tan?x (b) 2 + tan*x 
6 
© 2 + tan?x 


fsin V3(2r- 12 +6+C 


s=4t- 2sin( 24 “ z) +9 


6 
s = sin (2: =) 


73. s = 5a = ]'<=5 


1007 + 1 79. 6m 


Section 5.6, pp. 353-356 


1. 


5. 
11. 
15. 


25. 


(a) 14/3 (b) 2/33. (a) 1/2 (b) - 1/2 

(a) 15/16 (b) 0 7. (a) 0 (b) 1/8 9 (a) 4 (b) 0 
(a) 506/375 (b) 86,744/375 13. (a) 0 (b) 0 

2V3 «17. 3/4 19. 397? -1 2.323. or /3 


e 27. In3 29. (In2)° 31. a 33. In2 


In4 


35. 


43. 
51. 
61. 
71. 
75. 


85. 


95. 
103. 


105. 
113. 


In(2 + V3) - Ne 37.7 = 39. a /12— 41. 2/3 


V3-1 45. -a/12 47. 16/3 49, 25/2 

ar /2 53. 128/15 55. 4/3 57. 5/6 59. 38/3 
49/6 63. 32/3 65. 48/5 67. 8/3 69. 8 

5/3 (There are three intersection points.) 73. 18 

243/8 77. 8/3 79. 2 81. 104/15 83. 56/15 
4 87. ee 89. 7/2 91.2 = 93, 1/2 

1 97. In 16 99, 2 101. 21n5 

(a) (£Ve,c) (bh) c= 43) c= 473 

11/3 107. 3/4 109. Neither 111. F(6) — F(2) 
(a) —3 (b) 3 115. [ = a/2 


Practice Exercises, pp. 357-360 


1 


107. 


113 


. (a) About 680 ft (b) A (feet) 


>t (sec) 
. (a) -1/2 (b) 31 () 1B @O 
5 0 
: | Qx—-1y'?2de=2 7. / cos dx =2 
1 —7T 
. (a) 4 (b)2 (©) -2 () -27 () 8/5 
8/3 13.62 151 17.1/6 19% 18 21. 9/8 
mm V2 8V2—7 
mtg Ht 


. Min: —4, max: 0, area: 27/4 31. 6/5 33. 1 


y= f (SB) a-s 39. y = sin! x 
5 


y = sec !x + aoa >1 43. —4(cosx)!/2 + C 
ima 1 . 1 1 i 4 

67 + 04 sin (20 T 1) EC 47. 3 oe 7 +C 
F — Foos (219?) +C 51. tan(e’-—7)+C 
em 4 C55, a 57. In (9/25) 

_l —2 1 x2 
Lon? +C OL. mae J+e 

Sethe V2. if(x-1)\, 
» 7sin Ar-1)+C 65. 5) tan i ao 

1 —1 2x — 1 sin Vx 
3 sec 5) | “iG 69. e + C 
.2Vtany+C 73.16 75.2 771 ° 79.8 
. 27V3/160 = 883. 7/2 85. V3. 887. 6V3 — 2 
.-1 (91.200 (93 1 95, 15/16 +In2 9% e — 1 
.1/6 1019/14 103. ome 105. 7 

a/V3 109%. 7/6 .sr /12 
. (a) b (b) b 
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117. (a) 4 winx x + C) = x-4 t+ Inx -1+0=Inx 
1 
(b) ean 
119, 25°F 121. V2 + cos'x 123. 5 =e ; 
x 
ON! 28 gales dy 1 
125, = = =e 427, = = 
dx * dx V1 — V1 = 2¢6sin x)? 
129. Yes 131. -—V1 +x 
133. Cost ~ $10,899 using a lower sum estimate 
Additional and Advanced Exercises, pp. 361-364 
1. (a) Yes (b) No 5. (a) 1/4 (b) W12 
x 
7. fx) = —— 9 y=x+2x-4 
Vxe + 1 
1 2 
11. 36/5 13. ne 
y 
pag 4 
2: 
= —& GF os 


21. In2 


23. 1/6 


1 
25. i f(x) dx 27. (b) ar? 
0 


29. (a) 0 (b) -1 

(c) -7 (d) x=1 
(e—) y=2x+2-—T7 
(ff) x =—-l1,x=2 


17. 1/2 19. 7/2 (g) [—27, 0] 

31. 2/x ey 35. 2x In |x| — a! 
Vy ~ 2Vy v2 

37. (sin x)/x 39. x= 1 41. 5: at 221 

43, 2/17 

Chapter 6 


Section 6.1, pp. 373-376 


1.16 3. 16/3 5. (a) 2V3 (b)8 7. (a) 60 (b) 36 
9.87 11.10 13. (a) sth = (b) thd“ == 
Ay 19, oa "367 | 
T 1 T T 11 
25. z(1 - 5) 27. FInd 29. of +2V2- 4) 
31. 27 33. 27 35. 47 In4 37. 72 — 20 39. 7 
41. we 43. c(7@— 2) ~~ 45. = 47. 82 49. ve 
32a 87 2247 
51. (a) 87 (b) = OF @ A; 
16a 5677 64a ee: 
B=. b=. WO. 55. V = 2a2ba 
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ah?(3a — h) iT Section 6.4, pp. 393-395 
57. (a) V= 5 (b) t59q m/sec a/4 
4 bag 1. (a) an | (tanx) V1 + sec*xdx (ce) S ~ 3.84 
61. V = 3308 cm? 63. . = 0 
(b) > 
Section 6.2, pp. 381-383 
1. 67 3. 27 5. 1477/3 7. 87 9. 57/6 
Tt 167 
I. se 13. (b) 4 15. G(3V2 + 5) 
877 4a 167 
17. 3 19. 3 21. 37 
23. (a) loa (b) 327 =(c) 287 
(d) 247 (e) 607 (f) 4877 se 
27 27 72 108 ; : : 
So i ©. Gh. 7 
bar An 3. (a) 2m yVl+ ytdy (&) S =~ 5.02 
27. (a) 5 (b) 5 (c) 27 (d) 27 1° 
(b) } 
29. (a) About the x-axis: V = a, about the y-axis: V = a t 
(b) About the x-axis: V = ae about the y-axis: V = a 
Sa 4a 27 
31. (a) 3 (b) 3 (c) 27 (d) 3 
4a Tt 
247 4877 
35. (a) 5 (b) 5 
Oar Oar 
37. (a) 16 (b) 16 
39. Disk: 2 integrals; washer: 2 integrals; shell: 1 integral 
41. (a) 2567 (b) 24477 
3 3 
47. a1 _ :) 
Section 6.3, pp. 388-389 
53 123 99 3 
1. 12 3. 6 5; 32 7s 8 9, In2 + 8 
11. aS 13. 2 


7/3 y 
7. (a) 2m | ¢ tne dr) secydy (c) S ~ 2.08 
0 0 


2 
15. (a) ri V1+ 4x? dx (ec) ~ 6.13 (b) 
-1 
1 
17. (a) | V1 + cos*ydy (ce) ~ 3.82 0.8 
0 0.6 
3 P 
19. (a) / Vl+y+1?dy (&) ~ 9.29 0.4 vf tan t dt 
=] 0.2 
7/6 1 1 1 1 1 1 if >x 
21. (a) | secxdx (c) ~ 0.55 0 01 02 03 04 05 06 07 
0 
23. (a) y = Vx from (1, 1) to (4, 2) 940V5 11. 3a V5— 13. 987/81 15. 2a 
(b) Only one. We aii the derivative of the function and the 7 ( V3 - 1) /9 19. 3575 /3 21. o(t8 8 A 2) 
value of the function at one value of x. 16 
25. 1 27. Yes, f(x) = +x + C where C is any real number. 23. 2537/20 27. Order 226.2 liters of each color. 
* Dieta Section 6.5, pp. 400-404 
= | Liege Ny 1. 400N/m 3. 4m, 0.08) 


5. (a) 7238 Ib/in. (b) 905 in.-Ib, 2714 in.-Ib 
7.7803 9. 72,900 ft-lb 11. 160 ft-Ib 


13. (a) 1,497,600 ft-lb (b) 1 hr, 40 min 

(d) At 62.26 Ib/ft®: a) 1,494,240 ft-lb b) 1 hr, 40 min 

At 62.59 Ib/ft?: a) 1,502,160 ft-lb b) 1 hr, 40.1 min 

15. 37,306 ft-lb 17. 7,238,299.47 ft-lb 
19. 2446.25 ft-lb 21. 15,073,099.75 J 
25. 85.1 ftlb 27. 98.35 ft-lb 29. 91.32 in.-oz 
31. 5.144 x 10!°J = 33. 1684.8 Ib 
35. (a) 6364.8 1b (b)5990.4lb —-337..: 1164.8 Ib 
41. (a) 12,4801b  (b) 8580 1b (c) 9722.3 Ib 


wb 
45. 5) 


39. 1309 Ib 


43. (a) 93.33 1b (b) 3 ft 


47. No. The tank will overflow because the movable end will have 
moved only 34 ft by the time the tank is full. 


Section 6.6, pp. 413-415 
Lae07=— 25 3.255 
S.2= 16/1057 = 8/15 7. 3= Oy = a8 


11. 4 yO 
15, 5=3/2.9 =172 


>x 


eae 


\x 


2..6%=y=1/3 23. %=a/3,y= 5/3 25. 1386/6 
27. = 0,9 =F 29. = 1/2,y = 4 
31. ¥ = 6/5,y=8/7 35. V= 320,89 =32V20 37. 4? 
= __ 2a = _ 4b 
Wx=07=7 Aza OyR 
43. V2ra(4+37)/6 45. ¥= ae ~ ie 
Practice Exercises, pp. 416-417 
oT 2 720 
1. 80 3. 7 5; 35 
7. (a) 20 (b) 7 (c) 1270/5 (a) 2677/5 
9. (a) 8 (b) 10887/15  (c) 5127/15 
We r(3V3-7)/3 17 15. S27. 2 
19. 3 + Fin2 21. 2872/3 23. 4r._—Ss«25.. 4640 
a7 5 (2ar — a’) 29. 418,208.81 ft-lb 
31. 22,5007 ft-lb, 257sec «33. X = 0, y = 8/5 
35. ¥=3/2,y= 12/5 37. ¥=9/5,y = 11/10 


39. 332.8 Ib 41. 2196.48 Ib 
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Additional and Advanced Exercises, pp. 417-418 


1. f= a Z 3. f(x) = VC? — 1x + a, where C = 1 
5,7 ae, a 

30 V2 3 

ae re n 
i. x= 0,9 = 5 5, @, 1/2) 


15. (a) F=7 = 42 
(b) (2a/7, 2a/7) 
17. =~ 2329.6 lb 


CHAPTER 7 
Section 7.1, pp. 428-430 


ab + b?)/(3m(a + b)) 


1. in(3) 3. Injy? — 25] +C 5. In[6 + 3tanr| + C 
7 In(1+Vx)+C 9% 1 11. 20n2)* = 13, 2 


15. 2e7+C 3917. -eF +0) 19, -el/* + 
ag sec 7t t 1 
2. erm + C 23.1 Bde) +C 5s 
oe 6 V2+1 
2.75 «(3 33. 3276035. 3 
1 ((nx)? 3 3In2 
37. al 7 pe 39. 20n2r 4. 43. In 10 


45. (In 10)In|Inx| + C 

49. y= 2(e*+x)- 1 51. y=x+In|x| +2 

53. 71n16 55. 6 + In2 57. (b) 0.00469 

69. (a) 1.89279 (b) —0.35621 (ce) 0.94575 (d) —2.80735 
(e) 5.29595 (f) 0.97041 (g) —1.03972 (h) —1.61181 


47. y = 1 — cos(e’ — 2) 


Section 7.2, pp. 437-447 
9, 3/2 —x2=C Wl. e -e=C 


13. —x + 2tanVy =C 15. oY + 2 =C 


17. y = sinQ’ + C) 19. yin |y? 2) =2+C 


21. 4In(Vy +2) =e" +C 

23. (a) —0.00001 (b) 10,536 years (ce) 82% 

25. 54.88 g 27. 59.8 ft 29. 2.8147498 x 10!4 

31. (a) 8 years (b) 32.02 years 33. Yes, y(20) < 1 

35. 15.28 years 37. 56,562 years 

41. (a) 17.5 min (b) 13.26 min 

43. —3°C 45. About 6693 years 47. 54.62% 49. ~ 15,683 years 


Section 7.3, pp. 445-447 
1. cosh x = 5/4, tanh x = —3/5, coth x = —5/3, 
sech x = 4/5, cschx = —4/3 
3. sinh x = 8/15, tanh x = 8/17, coth x = 17/8, sechx = 15/17, 
esch x = 15/8 


5.x + Z 7. e* 9, e** 13. 2cosh* 


3 
tanh V1 
Vi 
19. (Insech 6)(sech @ tanh 6) 


15. sech? Vt + 


17. coth z 
21. tanh? v 23. 2 


25. — tanh! 6 


ee ae. ee ee 
2x + x) 1+ 0 
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29. 7; — coth! V4 41. =eniels 33. In2 Practice Exercises, pp. 453-454 
2vt a (4)" 1.-cose?+C 3.8 $22 7. sine — 5)P + C 
2 
In2 
9. 31n7 11. 2(V2—-1 13. y= 
35. |secx| 41. comet + ¢ " ee) »* in@/2) 
1 
15. y = Inx — In3 17. y = —,; 
43. 1asinh (§ —In 3) +C 45. 7inje’7 + e7| +C . 7 Te 
2 19. (a) Same rate (b) Samerate (c) Faster (d) Faster 
47. tanh (: ad ;) ue 49, —2sechVi + C 51. in (e) Same rate (f) Same rate 
2 2 21. (a) True (b) False (c) False (d) True 
3 z 3 (e) True (f) True 
53. =, + In2 55. e-—e! 57. 3/4 59, = +1 2 
32°" es / qv 23. 1/3 25. 1/em/sec 27. In5x — In3x = In(5/3) 
—In3 2 
61. In(2/3) 63. —5 65. In3 29,1/2 3h y= (an(? : )) 
67. (a) sinh (V3) (b) In(V3 + 2) 33. y* = sin |(2tanx + C) 
\\. /1 35.y=-2+In2Q-e%) 37 y= 4e-4Vx4+1 
69. (a) coth(2) — coth (5/4) (b) (5) In (5) 39. 19,035 years 
71. (a) —sech! (3) + sech ! (2) Additional and Advanced Exercises, p. 455 
1. (a) 1 (b) 7/2 () 7 
(b) —In Le V1 = (12/137 a 1+ V1— 4/5? 3. tan'x + tan”! (2) is a constant and the constant is 5 for 
(12/13) (4/5) 
3 x > 0; itis 7 for x < 0. 
= in(3) + In (2) = In (4/3) 
73. (a) 0 (b) 0 ‘ y= 2 
jee poche ate (ll 
77. (a) ie (b) 80V5 ~ 178.89 ft/sec Pay eg () 
2 4 : 
79, 27 81. 2 
Section 7.4, pp. 452-453 
1. (a) Slower (b) Slower (c) Slower (d) Faster 7.¢= In4 5=0 
(e) Slower (f) Slower (g) Same (h) Slower ° TAS 
3. (a) Same (b) Faster (c) Same (d) Same 
(e) Slower (f) Faster (g) Slower (h) Same Chapter 8 
5. (a) Same (b) Same (c) Same (d) Faster (e) Faster Section 8.1, pp. 460-461 
(f) Same (g) Slower (h) Faster 7. d,a,c, b 1. In5 3. Manx — 2secx —x+tC 


9. (a) False (b) False (c) True (d) True (e) True 


aL APY ay cot Z 
(f) True (g) False (h) True meee i) aie . a ie 


-l i 
13. When the degree of f is less than or equal to the degree of g. aie ke) ce Bee ee eee in 
15. 1,1 15. V2 = 17. gin(1 + 4In’y) + € 
21. (b) In (e!79000) = 17,000,000 < (e!7%10*)1/10° ; 
= e!7 = 24,154,952.75 19. Inj + sine) + C 21. 22 — ++ 2tan (5) +C 
(c) x ~ 3.4306311 x 10!5 aie 
(d) They cross at x ~ 3.4306311 X 10!9, 23. 2(V2 — 1) ~ 0.82843 25. sec! (e”) + C 
23. (a) The algorithm that takes O(nlog, n) steps 27. sin! (2 Inx) + C 29. In|sinx| + In|cos x| + C 
(b)» 31.7+In8 33. (sin y- VI—y?]°, = pel 
y = n(log, ny 
2500 |x 1 ae Oe, 0 . 
sus 35. sec a | +C 37. 3 77 04 5 In|20 5|+C 
1500 39.x-In(l+e)+C 41. 2V2—-In(3 + 2V2) 
1000 
- ~ 1 
2 43.In(2+ V3) 45.%=0, y= 
_ 7 ee ( ) : In(3 + 2V2) 


! >in 
20 40 60 80 100 


47. xe + C49. A (x4 + 1)? (3x4 - 2) + € 
25. It could take one million for a sequential search; at most 20 30 
steps for a binary search. 
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Section 8.2, pp. 467-469 19. —4 sinxcos*x + 2cosxsinx + 2x + C 
1. —2x cos (x/2) + 4 sin (x/2) + C 21. -cost20+C 23.4 25.2 
a ee 
ahaa aang 2sint+ C - 4 3 5 4(3\52 18 2 (3\72 ai: we 
5. Ind —7 7. xe’ -e+C “V2 3 “5\2 35 7\2 . 
lb ae er eC 33. Stan? x + Cc 35. Fsectx + (ey 37. tan} x +C 
1. ytan'! (Gy) - nVl+y4+C ) 1 
13. xtanx + In |cos x| + C 39. 2V3 + In(2 + V3) 41. ztan@ + zsec*d tand + C 
15. (x3 — 3x? + 6x — 6)e* + C 17. (x2 — 7x + Tey +C 43. 4/3 45. 2tan?x — 2In(1 + tan?x) + C 
19. (x — 5x* + 20x37 — 60x? + 120x — 120)e* + C 1 1 4 wa 
4 2 i al, eek os 
a1. Loe sae A ePane) Le 47. q tan" x — 5 tan’ x + In |sec x] + C 49. 3 InvV3 
1 1 
2x 51. ) EE 53. 
23: re sin 3x + 2cos 3x) + C ge ae - 
i. wel dees 
25, = (V3s + 9eV349 — e349) + C i aa hl 
aTV3 ar 57. F sin 30 isin 6 55 sin5@ + C 
27, *X-n@-% : ; ; 
1 59. —=cos 0+ C 61. 4008 9 59 CS 50+ C 
29. ~[—x cos (Inx) + x sin (Inx)] + C 5 
; 63. sec x — In|cse x + cotx| + C 65. cosx + secx + C 
I 2 2 
31. 5 In |sec x + tanx*| + C 67. 5x? 4x sin 2x Fos 2x eo: 69. In(1 + V2) 
1, 2_1. peck 39) 0 2 
33. 5% (In x) a* Inx 4 4% 4 os 1. 72/2 73. x= 4% 5 = 8 +3 
1 1 i, 3 12a 
35..-;Inx-74+C 37. Ge +C 
1 ) Section 8.4, pp. 479-480 
2 2 4 3/2 2 il 5/2 4 
Migs Ve TAR eS kee lee LhinkVo+e+x/+C 37/4 5. 2/6 
di, == aati = as ree 2). 4f t IND # , 
5 5 7s 5) sin 5 5) aa 
2 
43. =33/? (3 Inx — 2) + C 
gv ( 9, Lin |22 4. V4e = 49 Be 
45. 2VxsinVx + 2cos Vx + C a a 7 
w—4 5m — 3V3 V/y2 — 49 2 _ 
ar OG U1. 7 _ we-'(2) pe ag ata 
1 x 
51. =(2? + 1) tan! x —-=4+C 
2 2 .-Vo-2+cC 17.1@2+4%-aVer4ic 
53. (a) 7 (b) 37 (ce) Sa (d) Qn + Iz 3 
55. 20(1—1n2) 57. (a) w(r — 2) (b) 2a ey eer 
a 19, 2YSOW 4c oo sintx- VI- 2+ 
59. (a) 1 (b) (e — 2)7 (ec) 7 fe + 9) 4 
33.4,/3-22 95,-_*+ _+¢ 
(@) F=f + DF=F-D 3 eI 
ase \ 
61. (1-6) 63. w= x", dv = cosx de 27. L( ae ) tC 29, 2tant2x + —*# _4¢ 
en 5 Es (42 + 1) 
65. u = x", dv = e dx 71. xsin!x + cos (sin!x) + C ; ; i P 
73. xsec!x —In|jx+ Vx? -—1|+C — 75. Yes 31. aX + 5In Ix? -1]+C 33. 1(S) +C 
77. (a) x sinh !x — cosh(sinh!x) + C —e 
(b) xsinh x — (1+ 2)12 +0 35. In9—In(1+ V10) 37. 7/6 39. sec!|x| + C 
1 2 
Section 8.3, pp. 474-475 4. Ve?-1+C — 43. 7 In |\V1 + x4+ 27] +C 
ll. 1 
1. Ssin2x+ C 3. —Fcostx+C 
gene oo 45. 4sin ME + ViVa=a + 
l 2 
5. =cos’x — cosx + C I I 
3 3 1 47. 7sin! Vx = 4 VeVi =a 22) + € 
7. —cos x + =cos* x cos>x + C 
3 5 7 = (3) | 
in I; 1. 49. y=2 sec 
9. sinx — 3 sin? x+cC 11. i sin? x 6 sin’ x + C 2 2 


Pea: 3 
13. $x + fsin2x+C 15. 16/35 17. 3 51. y = 5 tan (3) gOS. 3ar/4 
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55. (a) a + 6V3 — 12) 


) = —3V38 = Pt V30 - 2 
~ Ale +6V3—- 12) = 12(@ + 6V3 - 12) 
15 23/2 2 25/2 
57. (a) —3°( — 2) ipa C 
(b) ail )3/? 4 Li x)? + C 
3 5 
1 25/2 1 2y3/2 4 
() 5 x*) 31 PR2+4C 
Section 8.5, pp. 487-488 
2 3 1 3 
f oa ee Fa fe 1 
2-1 2 17 -12 
Po Oe arr eae 
9, 5[In|1 + x| — Infl —x|/] + C 
11. Fino + 6)%x — HS] + C13, Gn 15)/2 
1 1 1 | 4 1 1 — 
15. 5 In 2] gin lt + 2| 4 3 in |r I|}+cC 17. 3In2-2 
1. jeer x : 
19. 7 In | — ; eat. C21. (7 + 21n2)/8 
23. tan”! y — = +C 
yo 
25. -(s — 192+ (s — 1)! + tan'!s + C 
2 1 Fhe _ (2x +1 
27. gin |x — 1| + Gin |x? +x +1] V3 tan (HAN +0 
1 x —1 i 
29. 7 In |= ; tan’ x+C 
-1 “ 
31. + In(@? + 26+ 2 tan'!(9+1)+C 
rare rae ea yan) 
33. x? + In — +C 
35. 9x + 2In |x| 4 : + TIinjx- 1] +C 
y? 1 e+] 
Fa i i eae 
37. 7 In y| 4 pn +y)+C 39. n+ s)#e 
1. |siny — 2 
41. = In or +C 
(tan! 2x)? _ 6, 
43. 4 3 In|x — 2| ree an 
as. in| M21 4 ¢ 
Ve+1 
47,2V1 +x +1n atiat, 
Vx+t+1+1 
4 
49. 4in|——| 46 54. #= tn |¢ = 2] — tne — 1) + 2 
4 |xt +1 
_ _ Of 
53.x=—J 5-1 55. 37in25 57. 1.10 
1000e*" 
59. (a) * = 409 + oe (b) 1.55 days 


Section 8.6, pp. 493-494 


1, 


Vx a (=? s) LC 


_cos5x _ cosx 


“2 


Nie 


» V2 + In(V2+ 1) 


V3 + wV2In(V2 + V3) 
762 


2 ( 4 |x 3) 
—— | tan ae + Cc 
V3 3 


e (2x — 3)9/2(« + 1) oe 
5 
—-V9-4x 2 


x 3 | 


| eae 
V9 —- 4x4 3 
6) V4x — x2 _if(x-2 

+t 4sin! |] + C 


Gea 


2)(2x 
6 


1 in EH VIS 
VI *: 


2 


EC 


V/4 — x2 
V4— 7 2in|2* | aie 


et 
‘ 73 (2 cos 3¢ + 3sin3f) + C 


10 7 oe 


sin(7t/2) — sin(9t/2) 
[s0D _ s00172), 


. 6sin (0/12) + $ sin (70/12) + C 


1 2 4 1 x al = 1 
In (x* + 1) 4 20 +2) + 3 tan x C 


f («- :) sin! Vx + Vr + C 
wsin' Vx — Vx —- 2 + 


1+ V1 -— sin?t 


: BG: 
sin t 


1 — sin?t — In | 


.Injiny + V3 + dnyy’| + C 


eInjx + 1+ Vx? + 2x + 5| + 


2 9 Gos [fee 2) 
>) V5 — 4x — x? 4 3 sin ( 3 ) t C 
sint2xcos2x  2sin?2xcos2x 4 cos 2x 

10 15 15 
sin? 20 cos?20 | sin?20 , C 
10 "5 


EC 


. tan?2x — 2In|sec2x| + C 


(sec 7x)(tan 77x) eal 


ae + = In|secarx + tanax| + C 


—csc?xcotx 3csce x cot x 


4 8 


+ In|ese x + cotx| + C 


[sec(e’ — 1) tan(e’ — 1) + 


1): 4 


Dl J+ec 
55. 7/3 


In| sec (e! tan (e' 


59. x = 4/3,7 = InV2 


63. 7/8 67. 7/4 


Section 8.7, pp. 501-504 

1. I: (a) 1.5,0 (b) 1.5,0 (c) 0% 
II: (a) 1.5,0 (b) 15,0 (c) 0% 

3. I: (a) 2.75,0.08 (b) 2.67,0.08 (ec) 0.0312 ~ 3% 
II: (a) 2.67,0 (b) 2.67,0 (c) 0% 

5. I: (a) 6.25,0.5  (b) 6,0.25 (ce) 0.0417 ~ 4% 
II: (a) 6,0 (b) 6,0 (c) 0% 

7. 1: (a) 0.509, 0.03125 (b) 0.5,0.009 (c) 0.018 ~ 2% 
II: (a) 0.5, 0.002604 (b) 0.5,0.4794 (c) 0% 

9. I: (a) 1.8961, 0.161 (b) 2,0.1039 (ce) 0.052 ~ 5% 
II: (a) 2.0045, 0.0066 (b) 2, 0.00454 (c) 0.2% 

11. (a) 1 (b) 2 13. (a) 116 (b) 2 

15. (a) 283. (b) 2.~—'17. (a) 71 (b) 10 

19. (a) 76 (b) 12 21. (a) 82 (b) 8 

23. 15,990 ft? 25. ~ 10.63 ft 

27. (a) ~0.00021 (b) ~1.37079 (c) ~0.015% 


31. (a) ~5.870 (b) |E;| < 0.0032 33. 21.07 in. 

39. ~28.7 mg 

Section 8.8, pp. 513-515 

la/2 3.2 56 7/2 %1n3 11. In4 
13.0 15.V3 12 7 19. in( 1 + 2) 

21.-1 231 25.-1/4 27. 9/2 29 2/3 


31. 6 33. In2 35. Diverges 37. Diverges 


35. 14.4 


39. Converges 
45. Converges 
51. Converges 
57. Converges 


41. Converges 
47. Converges 
53. Converges 
59. Diverges 


43. Diverges 
49. Diverges 
55. Diverges 
61. Converges 


63. Converges 

65. (a) Converges when p < 1 (b) Converges when p > 1 
67. 1 69. 27 71. In2 

73. (a) 7/2 (b) 7 75. (b) ~0.88621 

77. (a) 


y 


eo 
Si(x) = ‘| Star 
o # 


>x 


-3 -2 -1 of 1 7 3 


(b) ~0.683, ~0.954, ~0.997 
85. ~0.16462 


Section 8.9. pp. 526-528 
1. No 3. Yes 53, Yes 


13. ~ 0.688 15. ~0.0502 


7. Yes 


17. V21 


11. ~0.537 
1 
19. ain 2 


21. 


25. 


27. 


29. 
31. 


33. 


37. 
43. 
47. 
51. 
55. 
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= #(tan 12 - *) = 0.10242 


mean = : = 2.67, median = V8 =~ 2.83 


mean = 2, median = V2 ~ 141 


P(X <5) ~ 0.3935 

(a) ~0.57, so about 57 in every 100 bulbs will fail. 

(b) ~ 832 hr 

=~ 60 hydra 35. (a) ~0.393 (b) ~0.135 (c) 0 

(d) The probability that any customer waits longer than 3 minutes 
is 1 — (0.997521)? = 0.391 < 1/2. So the most likely 
outcome is that all 200 would be served within 3 minutes. 

$10, 256 39. ~323, ~ 262 41. ~0.89435 

(a) ~16% (b) ~0.23832 45. ~618 females 

= 61 adults 49, ~289 shafts 

(a) ~0.977 (b) ~0.159 (c) ~0.838 

(a) {LLL, LLD, LDL, DLL, LLU, LUL, ULL, LDD, LDU, 
LUD, LUU, DLD, DLU, ULD, ULU, DDL, DUL, UDL, 
UUL, DDD, DDU, DUD, UDD, DUU, UDU, UUD, UUU } 

(c) 7/27 ~ 0.26 (d) 20/27 = 0.74 


Practice Exercises, pp. 529-531 


1 
"2 6 V3 


. At least 16 
. (a) ~2.42 gal (b) ~24.83 mi/gal 


L(t Dn +1) -@+D4+C 


x tan! (3x) — En (1 + 9x7) + C 


(x + 1)%e" 


2e* sin 2x 


Q(x + ler + 2e°+ C 


e* cos 2x 
+ t C 


. 41n|x| — Fin(x2 +1) +4tan!x+C 


Lg 


FC 


(v — 2)(v + >| 


Vo 7 


+ C 


2 
3 


3 
2 


Injx — 1] + C 


Injx + 1] + C 


In EG 


27. In|l — e*| + C 


31. -5In|4 - x2] + C 


x +3 


9 — x? "6 


cos’x , cos’x tan? x 
5 + 7 ie. 39. 5 


eG 


ee eee 4 eV Sona ee 


2 22 


47. T=7,S=7 49, 25°F 
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53. 7/2 55.6  57.In3 59.2 61. 7/6 as, 2m 9g ge b 2 gg Lec 
63. Diverges 65. Diverges 67. Converges 5 2 4 2 
3/2 2x 
69. - xt 2Vx—2In(Vx+1) 4+ 33. Ty Gsin 3x + 2cos 3x) + C 
TL. Sin”! (x — 1) + (x - WVIe— + C 35, $os4sin 3s — Sein soos + ¢ 
73. —2cotx — Injcsc x + cotx| + cscx + C 37. = oP (asin bx — bcos bx) + C 
a 

1 3 y Wo ap Py 

fet a a gl ghee a 39. xIn(ax) -x+C 41.— +c 43.1 
1 — tan (x/2) 

@sin(20 + 1 s(20 + 1 

a7, 280 Peal Joc 9,1 500294 30 1. |tan@/2)+1- V2 
2 4 4 45. 47, —In 
9 V2 | tan(t/2) + 1 + V2 
(Vi=3) 
81. 2 : 2V2-x]+cC ig Ge (0/2) 
TT = tan (6/2) 

83. tan!(y - 1) + C 

; boat Chapter 9 

2 4 \ -1[{% \ 

85. gin |z| — 4; [zm oan ga (5) es Section 9.1, pp. 542-544 

i el 1.(d) 3. (a) 
ly ee ee OO n(S ~ ;) +C 91. 1/4 5. , 


93. Silt +C 95. —F tan (cos 5t) + C 
97. 2Vr-2In(1 + Vr) +C 


1 2 1 2) 1 
99. 3% 3 In (x T 1) t C 

2 i 1 1 2 1 1 . 
101. 3 in |x + 1| 4 gms x+1|4 7.y' =x-—y,yd)=-1 9. y’ =—-(1 + y)sin x; y(0) = 2 

x 4 

a5 el (2) Le 11. y(exact) = 5 — Z,¥1 = —0.25, yp = 0.3, 3 = 0.75 

4 ‘ S 8 4 13. y(exact) = 3e**+?), y, = 4.2, y, = 6.216, y; = 9.697 
103. atl + Vx)? - rag! + Vx)52 + aid + Vx)3?2 + C 15. y(exact) = e* + 1, y, = 2.0, yy = 2.0202, y, = 2.0618 

17. y ~ 2.48832, exact value is e. _ 
105. 2in|Vx+ V1+x|+C 19. y ~ —0.2272, exact value is 1/(1 — 2/5) ~ —0.2880. 
107. Inx — In|1 + Inx| +C 23. 
—r/1 — +4 
109. rx Cc iil. in|! ae) ee 
2 


113. (b) 7 115. x — ann (V2 tan x) + EC 


Additional and Advanced Exercises, pp. 531-535 
1. x(sin7! x)? + 2(sin7!x)V1 — x2 - 2x + C 


i) 
on 
nN 
“I 


xsin''x | xV1—2x? — sinvlx | y y 
3. 5) T 4 tC » 


I face 
cs s(in (1 1-7) sin-t1) + C 7.0 


9. In (4) — 1 11. 1 13. 327/35 15. 27 


Bh ee FG | 


17. (a) 7 (b) 720 — 5) : a oo > 
8(in2? 16(n2) _ 16 ‘ ae 
19. (b) af : je tN 
4 (241 2=2 ‘ 17-\\ 
ae a (7 


35. Euler’s method gives y ~ 3.45835; the exact solution is 


vite 1 
23. Vite in( se +3) - V2+ In(1 + V2) y=1+e ~ 3.71828. 


37. y ~ 1.5000; exact value is 1.5275. 


Section 9.2, pp. 548-550 
e+ C 


lLy=—,, x«+>0 3. y= >t 
x 
By=5-94S x>0 7. y = sxe! + Ce? 
9, y = x(Inx)? + Cx 
3 
11.s=-—! a ee ae 
3¢-1* C@¢-)* C¢- 1% 
13. r = (csc O)(In|sec@| + C), 0<0< 7/2 
,= 3 = 1 —2t — _l T 
15. y 7 9° 17. y 9 cos + 20 
= CP = - = At 
19. y = 6e Pay | 21. y = ye 
23. (b) is correct, but (a) is not. 25. t= Ein 2 sec 
. Vi Viz Vv 3) Vv 
27. (a) i= 7p - Re rae ef) = 0.955 amp (b) 86% 
- 1 3 = 3 
29. y 1+ Ce 31. y I+ Cx 


Section 9.3, pp. 555-556 
1. (a) 168.5m (b) 41.13 sec 
3. s(t) = 4.91(1 — e-@236/3992)) 
BRP + ya 7. In|y| -ty= pete 


¥ 
ZN 


kx? +y?=1 


13. (a) 101b/min —(b) (100 + A) gal 


¥ : 
(c) ers r :) Ib/min 


eS” 0) = 50 
@ a fore HOY 90 
y = 2(100 + 2) Ee . 
t 
a y(25) — 188.6 _ 
(e) Concentration eal one aan Ss 1.5 Ib/gal 


15. (27.8) ~ 14.8 lb, ¢ ~ 27.8 min 
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Section 9.4, pp. 562-563 
1. y' = (y + 2)(y — 3) 
(a) y = —2 isa stable equilibrium value and y = 3 is an 
unstable equilibrium. 


(b) y” = 20-4 (9 so 3) 


Vv 
r— 
A 
o 
Vv 
o 


ss 7 5 2 cTaeiael 
y"<0 ty 0 i y” <0 1 y">0 
1 1 1 
1 
0.5 


yay Hy =O > Dy 1) 
(a) y = —1 and y = 1 are unstable equilibria and y = O isa 
stable equilibrium. 
(b) y" = Gy? — Dy’ 
= 3(y + D(y + 1/V3)yx(y — 1/V3) Cy — 1) 


' ' 
y' <0 H y>0 ; y' <0 i y >0 
Lo o——p & L¢—__ ———»!__> y 
=I15 =1 -0.5 (0) 0. 1 1:5 
yr<0 ty">0 |y"<Ory">0) "<0! "> 
ae A. 
\3 \3 
(c) y 


5. y' = Vy,y >0 
(a) There are no equilibrium values. 


” 1 
(b) y= 5 
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(c) 


-2 2 4 6 Se 


7. y' =(y — ly — DO - 3) 
(a) y = | and y = 3 are unstable equilibria and y = 2 isa 
stable equilibrium. 
ih) = Gy Dy ily = Diy = y= 3)= 


Hy = D(y = 23 oy = ay - FB Jo = a 


1 1 1 
y<0° 4 y >0 ' y' <0 ' y >0 
1 1 1 
4 <—_ i¢ —>— <—— 3° — + y 
i 2, 3; 
y" <0 ty">01 y"<0 \ y">0 ry <0! y">0 
i 1 
1 1 1 
1 1 
6-N3 ao 6+N3 _ 5g 
3 
(c) y 
A 


9. & = | — 2P has a stable equilibrium at P = I 
@P dP | 
7 2 . 2(1 — 2P). 
P 
A 
15 
I 
P'<0,P">0 
0.5 


P'>0,P"<0 


i 1 >t 
15 175 

05 

dP Pree 

11. a 2P(P — 3) has a stable equilibrium at P = 0 and an 
2 
unstable equilibrium at P = 3; = = 2(2P — 3) e = 
4P(2P — 3)(P — 3). : 
P>o! P'<0 P’>0 


13. 


Before the catastrophe, the population exhibits logistic growth 
and P(t) increases toward M,, the stable equilibrium. After 
the catastrophe, the population declines logistically and P(t) 
decreases toward M,, the new stable equilibrium. 


Before Catastrophe After Catastrophe 


iy 


Toatastrophe catastrophe 
15. ue =g- Kp, g,k,m > Oand v(t) = 0 
init AV kon jms 
Equilibrium: ae mY 0>v k 
2 
Concavity: & = 2( hv) “ = 2h v)(s kv) 
(a) (b) 
tog 1 tg ; 
w+ OFT 
e220) £*>0 
dt- so dt” 
[mg 
eq Vk 
t 
160 


FSF 


(C) Vterminal = 0.005 178.9 ft/sec = 122 mph 


dv _ 
- dt! 


dv _ _ 
7 0 or v = 10 ft/sec. 


2 (50 — 5|v|). The 


F.;ma = 50 — 5|v 


maximum velocity occurs when 


19, Phase line: 


ao ae” 
$e 
“ 1 “t 
—<0 >0 
dt? i dt? 


If the switch is closed at t = 0, then i(0) = 0, and the graph of 
the solution looks like this: 
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i 23; 
ue x y x y 
0 Jo 11 | 1.6241 
0.1 | 0.1000 1.2 | 1.8319 
0.2 | 0.2095 1.3 | 2.0513 
t 0.3 | 0.3285 1.4 | 2.2832 
V 0.4 | 0.4568 1.5 | 2.5285 
AS t > ©, i(t) — steady state = R 0.5 | 0.5946 1.6 | 2.7884 
0.6 | 0.7418 1.7 | 3.0643 
1. Seasonal variations, nonconformity of the environments, effects 0.8 | 1.0649 1.9 | 3.6709 
of other interactions, unexpected disasters, etc. 0.9 | 1.2411 2.0 | 4.0057 
3. This model assumes that the number of interactions is propor- 1.0 | 1.4273 
tional to the product of x and y: 
dx 25. y(3) ~ 0.9131 
See a = < 
gq ee Be 27. (a) 
dy _ a: _ m 
am MJP ~ MYR Wm yy me 
Rest points are (0, 0), unstable, and (0, M), stable. a 
5. (a) Logistic growth occurs in the absence of the competitor, and jason 
involves a simple interaction between the species: Growth eee ee 
dominates the competition when either population is small, (b) Note that we choose a small interval of x-values because 
so it is difficult to drive either species to extinction. the y-values decrease very rapidly and our calculator cannot 
(b) a: per capita growth rate for trout handle the calculations for x = —1. (This occurs because 
mz: per capita growth rate for bass the analytic solution is y = —2 + In (2 — e%), which has 
b: intensity of competition to the trout an asymptote at x = —In2 ~ —0.69. Obviously, the Euler 
n: intensity of competition to the bass approximations are misleading for x = —0.7.) 
k,: environmental carrying capacity for the trout Senne nom 
ky: environmental carrying capacity for the bass er 
; growth versus competition or net growth of trout 
2. relative survival of bass 
[=1, 0.2} by [—10, 2] 
dx _ _ _a_ a 
(©) dt owe par y= b bk,” 29. y(exact) = 5x = 3; (2) = 0.4; exact value is ;. 
Be 0 when y=0 or y=ky- eS 31. y(exact) = —e®~)/2; y(2) ~ —3.4192; exact value is 
a —e3/2 = —4.4817. 
By picking a/b > k, and m/n > k,, we ensure that an 33. (a) y = —1 is stable and y = 1 is unstable. 
equilibrium point exists inside the first quadrant. ay dy 
(b) Fa = Way = vO" — VD 
Practice Exercises, pp. 569-570 os 
y ==1 a 1 
= 2 5/2 _ 4 3/2 dy dy, t dy_) t dy 
1. y In Cc 5 2) 3 2) ~ o> 0 1 fo <0 1% <0 1 > 0 
“a —> e = 1 dx e “ y 
. = eee wer to 
3. tany = —xsinx —cosx+C 5. (y+ ler = In |x| EG ae ge dee ae 
x-1 HP shy F os 
y= x 9. car 12 4 Ce? (ce) y 
ZN 
_ x? - 2x +C _e*+C a 
ll. y= 2 B. y= Tye 5.x +y=C 
2x3 + 3x? + 6 1 _3 
Le y= 19. y= 5(1 — 4e7 
: 6(x + 1) ° 3 | ) 


21. y = &*(3x* — 3x?) 
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Additional and Advanced Exercises, pp. 570-571 
1. (a) y=ct (yp — CeKAY" 
(b) Steady-state solution: yo = c 
5. x7(0? + 2y°7) = C 
Ts In |x| + OX =C 


9. In|x| — In|sec (y/x — 1) + tan(y/x — D| = C 
Chapter 10 
Section 10.1, pp. 581-584 
1. a, = 0,a@ = 1/4, a3 = 2/9, a4 = 3/16 
aq=1,.m= 1/3, a3 = 1/5, a, = —1/7 


3 7 15 31 63 127 255 511 1023 
°2’?4 8° 16’ 32’ 64’ 128’ 256’ 512 
t 1 tA 1 1 1 1 
Peau 2? 48°16’ 32’ 64’ 128’ 256 
11. 1,1, 2, 3,5, 8, 13, 21, 34, 55 
13. a4,= Cl)" 1n=1 


3. 
5. a, = 1/2, a = 1/2, a3 = 1/2, a, = 1/2 
7. 1 


oe 1 
= (—7yyrtl 2 > = 
15. a, = -1)""'(@)’,n = 1 17. a, 3n + D) ay" = 1 
19. a4,=r-1,n=1 21. a, = 4n —3,n2=1 
1+ —yyrtl 
23. a, = a an en >] 


27. Converges, 2 29. Converges, — 1 31. Converges, —5 
33. Diverges 35. Diverges 37. Converges, 1/2 
39. Converges, 0 41. Converges, V2 43. Converges, | 
45. Converges, 0 47. Converges, 0 49. Converges, 0 
51. Converges, 1 53. Converges, e 55. Converges, 1 
57. Converges, 1 59. Diverges 61. Converges, 4 
63. Converges, 0 65. Diverges 67. Converges, e7 
69. Converges, e7/3 71. Converges, x (x > 0) 
73. Converges, 0 75. Converges, | 77. Converges, 1/2 
79. Converges, 1 81. Converges, 7/2 83. Converges, 0 
85. Converges, 0 87. Converges, 1/2 89. Converges, 0 
91.8 93.4 95.5 9714+ V2 99. x, = 2"? 
101. (a) f(x) = x2 — 2, 1.414213562 ~ V2 

(b) f(x) = tan(x) — 1, 0.7853981635 ~ 7/4 

(c) f(x) = e*, diverges 
103. (b) 1 111. Nondecreasing, bounded 
113. Not nondecreasing, bounded 
115. Converges, nondecreasing sequence theorem 
117. Converges, nondecreasing sequence theorem 
119. Diverges, definition of divergence 121. Converges 


135. (b) V3 
Section 10.2, pp. 591-593 


7 


1 


123. Converges 


2(1 — (1/3)") > t-lyay 
o Sn aay? © Mn pa pa? 2/3 
1 — (1/3) 1 — (-1/2) 
= ee ee La, de oa, @ 
eo neo aig et Ns 
peta Dg hs On, 
° 4 T 16 T 64 T 256 T iverges 


11. 


13. 


15. 
21. 
29. 


35. 


39. 


41. 


51. 


57. 
63. 


69. 
71. 


73. 
77. 


79. 


oni ee eS cree 

ret) (3 3) + (+H): oD 
ii he DY) a fl ba. Ae 

Or (5 5) (; 5) (; os) 6 


Converges, 5/3 17. Converges, 1/7 19. 23/99 


7/9 23. 1/15 25. 41333/33300 27. Diverges 
Inconclusive 31. Diverges 33. Diverges 
S,=1- ; converges, 1 37. s, = In Vn + 1; diverges 


now 1? 


_ 7 -| 1 . T 
Ss, = 3: — COs n+2 ; converges, 6 


1 43.5 45.1 47. - ilo 49. Converges, 2 + V2 
2 


e-—1 
61. Diverges 


Converges, | 53. Diverges 55. Converges, 


Converges, 2/9 59. Converges, 3/2 


65. Diverges 5 = a 

a = 1,r = —x; converges to 1/(1 + x) for |x| < 1 

a = 3,r = (x — 1)/2; converges to 6/(3 — x) for x in (-1, 3) 
1 1 1 

ie Sees 


x ¥ (2k + 2 


Converges, 4 67. Converges 


Ixl <5 


k an integer; ———— 
8 i a sinx 


(a) » at v% a > s(n + re + 3) 


n=—2 


(©) Sa = an = 9) 


n=5 


89. (a) r= 3/5 (b) r=-3/10 91. |r| <1, ; — 
= 9 

93. (a) 16.84 mg,17.79 mg (b) 17.84 mg 

212 7 8 £27-8 
oat) 035 27° 9° 9°27°27"3" 3°97 9° | 

2 n-1 

(b) 7 (3 ) =1 
n= 12 

Section 10.3, pp. 598-599 
1. Converges 3. Converges 5. Converges 7. Diverges 
9. Converges 11. Converges; geometric series, r = 6 <1 
13. Diverges; lim =10 


. Converges; Integral Test 
. Converges; Integral Test 


noon 1 


. Diverges; p-series, p < 1 
; , 1 
. Converges; geometric series, r = 8 <1 


. Diverges; Integral Test 
. Converges; geometric series, r = 2/3 < 1 
. Diverges; Integral Test 


n 


. Diverges; lim = #0 
n> 


con + | 


. Diverges; lim, +00 ( Vn/Inn) #0 
. Diverges; geometric series, r = ne >1 


33. Diverges; nth-Term Test 
37. Converges; Integral Test 


39. 
43. 


45. 
49. 
59. 
61. 


Converges; Integral Test 4l.a=1 
(a) y 
A 
—_— bg +4 
(b) ~41.55 
True 47. (b) n = 251,415 


8 
5g = Lat 1.195 


n=1 


(a) 1.20166 < S < 1.20253 (b) S ~ 1.2021, error < 0.0005 


2 
(= - 1) =~ 0.64493 


51. 10° 


Section 10.4, pp. 603-604 


1. 
3. 
5. 


. Converges; compare with > Fi 


. Converges; 


. Converges; 


. Converges; comparison with + 
n 


Converges; compare with > (1/n?) 
Diverges; compare with x( 1/ Vn) 


Converges; compare with > (1/n*/) 


n+ 4n 


vss 


n+0 rel? 


. Converges 11. Diverges; limit comparison with > (1/n) 
. Diverges; limit comparison with yi 1/ Vn) 
. Diverges 17. Diverges; limit comparison with >( 1/ Vn) 


. Converges; compare with > (1/2”) 
. Diverges; nth-Term Test 
. Converges; compare with > (1/n?) 


: n ‘ eee On 
. Converges; (= i 7) “= () (3) 


. Diverges; direct comparison with > (1/n) 
. Diverges; limit comparison with > (1/n) 
. Diverges; limit comparison with > (1/n) 
. Converges; compare with > (1/n*/) 


. oe 
n2 gn 

1 
gro l 


1 
a ar 
s+ 1 


. Converges; comparison with > (1/5n) 
. Diverges; comparison with > (1/n) 


an or limit comparison 
with >(1/n?) 


45. 
47. 


49. 
51. 
53. 
65. 
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Diverges; limit comparison with > (1/n) 


tan!n — 7/2 
Converges; ad 
11 1 
n n 


Converges; compare with > (1/n?) 

Diverges; limit comparison with > (1/n) 
Converges; limit comparison with > (1/n’) 
Converges 67. Converges 69. Converges 


Section 10.5, pp. 609-610 


1. 
9. 
. Converges; Ratio Test 
. Converges; Ratio Test 
. Converges; compare with > (3/(1.25)") 


. Converges; Ratio Test 
. Converges; Root Test 


Converges 
Converges 


3. Diverges 5. Converges 7. Converges 
11. Diverges 13. Converges 15. Converges 
19. Diverges; Ratio Test 


n—-co 


. Diverges; im (1 - ;) =e37 40 


. Converges; compare with > (1/n?) 
. Diverges; compare with > (1/(2n)) 
. Diverges; a, > 0 

. Converges; Ratio Test 
. Converges; Root Test 
. Converges; Ratio Test 
. Diverges; Ratio Test 


33. Converges; Ratio Test 
37. Converges; Ratio Test 
41. Converges; compare with > (1 /n’) 
45. Converges; Ratio Test 
49. Converges; Ratio Test 


(/n!) 
. Converges; Ratio Test 53. Diverges; a, = (5) =>] 


3 
57. Diverges; Root Test 


61. Converges; Ratio Test 65. Yes 


Section 10.6, pp. 615-616 


1. 
3. 
. Converges; Alternating Series Test 
. Diverges; a, > 0 

. Diverges; a, ~ 0 

. Converges; Alternating Series Test 
13. 
. Converges absolutely. Series of absolute values is a convergent 


. Converges conditionally; 1/(n + 3) — 0 but ae 


. Diverges; 


. Converges absolutely, since 


Converges by Alternating Series Test 
Converges; Alternating Series Test 


Converges by Alternating Series Test 


geometric series. 


. Converges conditionally; 1/ Vn 0 but ee 1 — diverges. 


Van 


. Converges absolutely; compare with S>~,(1 /1). 


eal 
n+ 3 
diverges (compare with > 1/0). 


34+n 


5+n 


>1 


. Converges conditionally; (4 + i) — 0 but (1 + n)/r? > 1/n 
n 


. Converges absolutely; Ratio Test 
. Converges absolutely by Integral Test 
. Diverges; a, > 0 


33. Converges absolutely by Ratio Test 
(- 1y""! 1 
= wl? 3/2 


COS NTT 


nVn 


(convergent p-series) 


A-42 


37. 
41. 


43. 
45. 


47. 


49. 
53. 
59. 
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Converges absolutely by Root Test 39. Diverges; a,,—> CO 
Converges conditionally; Vn —Vn= 
1/( Vnt+Vn+1 ) — 0, but series of absolute values diverges 
(compare with y( 1/Vn) i 
Diverges, a, > 1/2 # 0 

2 2e” 


Converges absolutely; sech n = wten ma < 


2e” : : 
mona term from a convergent geometric series. 
e 


Converges conditionally; }(—1)"*! converges by 


— Ss 
2(n + 1) 


Alternating Series Test; > 
son with S(1/n). 


1 : ni ; 
n+) diverges by limit compari- 


|Error| < 0.2 51. |Error| < 2 x 1071! 
n= 31 55. n 2 4 57. 0.54030 
(a) ay = An+1 (b) —1/2 


Section 10.7, pp. 624-626 


55. 


57. 


.(a) l,-l<x<1 
. (a) 1/4,-1/2<x<0 (b) -1/2<x<0 (c) none 
. (a) 10,-8 <x <12 (b) -8<x< 12 (ec) none 
(a) l,-l<x<1 
. (a) 3,-3 S$x=3 (b) -3 Sx =3 (Ce) none 

. (a) 00, forallx (b) forallx (c) none 

. (a) 1/2,-1/2<x< 1/2 (b) -1/2<x< 1/2 (e) none 
.(a) l,-lsx<l 
. (a) 5,-8 <x<2 
. (a) 3,-3 <x <3 
. (a) 1,-2<x<0 
. (a) 1,-l1<x<1 
. (a) 0.x =0 (b) x =0 
.(a) 2,-4<x=0 (b) -4<x<0 
-(a) 1l,-Ilsxsl 
-(a) 1/4,.1 <5 x= 3/2 (b) 1 =x =< 3/2 
. (a) 00, for all.x (b) for all x 
.(a) l,-lsx<l 
| 39. 8 
.-1 <x < 3,4/(3 + 2x — x?) 
.0<x< 16, 2/(4 - Vx) 
oie cael ae. 


(b) -1<x< 1 (ce) none 


(b) -1<x< 1 (ce) none 


(b) -l<x<1l 
(b) -8<x<2 
(b) -3 <x <3 
(b) -2<x<0 
(b) -l<x<1l 
(c) none 


(c) x =—1 
(c) none 
(c) none 
(c) none 
(c) none 


(c) x= 0 
(c) none 
(c) none 


(b) -lS=x=1 
(c) none 


(b) -1<x<1 (&) -1 
41. —1/3 < x < 1/3,1/(1 — 3x) 


= S29" —-1I),0<x<2 


- + (-)"@ - 5), 2< 4 <8 
n=0 


ee) 


~1<x<5,2/% » 5)" ng — 3)"-1, 
1<x<5,-2/(¢— 1)? 
4 ext x8 8 ld 
(a) cosx ata et 8 Io ; converges 
for all x 
(b) Same answer as part (c) 
D 333 5x9 7x7 ; 299 Qy 1 ae 
eat ta a ot a 
x2 xt x8 17x83 1x! 
t t t t <x< 
(@) 5 + 19 + 45 + 2520 + 14175" 5 
2x*  17x® 62x T 
Hl veel n 1 Wa es sok a 
(b) | ie a Sad 3 T 45 T 315 T . 2 <= x= 


Section 10.8, pp. 630-631 


1. 


11. 


13. 


15. 


21. 
23. 
25. 


27. 


31. 


33. 


35. 


41. 
45. 


Pox) = 1, Pix) = 1 + 2x, Pe) = 1 + 2x + 2x?, 

Px) = 1 + 2x + 2x7 4 ox) 
P(x) = 0, Pa) = x = 1, BQ) = & — FD 
Px) = @ = 1) - 5 - 1 + F@- DP 
. Pa) = FAQ) = 5 - Ge Ds 

Pia) = 5 - Fe - 2) + Fe - DY 

Pa) = 5 - G0 — 2) + FG - 2 - Ew - 2) 

V2 V2, V2 

A= AO== +, (2% ah 

Z V2. V2 am\ V2 a\ 

i aa 2 4 i aes a 

Bib V2. V2 a\ V2 a\ 

eg Ya A gy ee 

_V2(,. #Y 
ia -4 

. Pox) = 2, Pi@) = 2 4 ix 4), 

PQ) = 2+ 50-4 - Foe 47 

PQ) = 2+ 50-4) - Go- 4+ dow - 4) 
Ss x)" ae ae ae 

2g tera a 

Dee =1=cF eae Sa 

oe} (— 17322 1y2n tl oo (- yr 2n oo yon 
ps (2n + 1)! ns p> (2n)! ae x (2n)! 


xt — 2x3 -— 5x +4 

8 + 10(x — 2) + 6x — 2% + @ — 2)3 

21 — 36(x + 2) + 25(x + 2)? — B(x + 2) + + 2)" 
SEvYa+ Yo-y" 29 ae — 2" 


nee 


, T 2n 
x 1) . iG =) 


l<x<l 


L(x) = 0, Q(x) = —x?/2 43. L(x) = 


L(x) = x, Ox) = x 


1,0) = 1+ x/2 


Section 10.9, pp. 637-638 


1. 


3. 


cn cy ae 
> 5x 4 free 


2! 3! 
ae oo 5(— 1)" lyn! 
> (Qn+1)! — x (2n + 1)! 
sted OxP Df SHE pg ms 


3! 5! 7! 


‘ oe 25x4  625x8 
"4 (2n)! 2! 4! 
oe 2n 4 6 -8 
nt1 =, ad x 1 x x fe he ads 
a > ¢ ptt = x ee a a 
: 3 3 33 
9, > ( (3 yx 3n = ] i* } pe rae fs sevienis 
co yrtl _ oa ra xt x 
11. a n! - Xx T m T 3! T 4! T 
SM xt x x8 lO 
o p> (2n)! 4! E88! 10! 
aW7x3 ax 9x7 SS (- 1)" goers 
15. x t be ei 
2! 4! 6! = (2n)! 
een. 
17.14 = 2: On)! 


19, 
n=0 
21. Sim! =14+2x4+3x?4+ 4 4+--- 
00 4n-1 7 ad 15 
n+l x me aS x | x x i 
23. > ¢ ay a =a 
< 1 i n Tt i 3 2 B) ae 25 4 
25. s(4 + ( D's 2+ 5x ee t 54* 
fore) (—1)? hyn! 3 xo x7 
ads = 3n 3 6° 9 
3 5 
Hl 2) call x x i 
29. x + x° 4 3 30 7 
2_ 24, 23.6 44 
31. x 3 + 75% 1052 t 
i H 1 2 1 44 
33. 1+x4 a gt 4 
35. |Error| < < 4.2 x 10° 
104+ 4! 
37. |x| < (0.06)!/5 < 0.56968 
39. |Error] < (10%)3/6 < 1.67 x 10°, -103<x<0 
41. |Error] < (3°!)(0.1)7/6 < 1.87 x 104 
kk —- 1 
49. (a) O(x) = 1 + kx 4 ‘ 3 12 (b) 0= x < 100° 
Section 10.10, PP. 645-647 
3 
es in 2 3 
Lies e+e 3. 1 + 3x + 6x7 + 10x 
3x7 x x 3x6 5x? 
5.1 ox +t > leas 16 
1 1 1 
914 + 
2x 8x? 16x? 
1. (1 + x4 = 1 + 4x + 6x? + 40° + xt 
13. (1 — 2x)? = 1 — 6x + 12x? — 8x3 
15. 0.0713362 17. 0.4969536 19. 0.0999445 21. 
3 7 ll 
a. 60001. 25,  —-— 4 —* 


Qy Qn  @n?  Qv8 


2-2! ' 2-4! 2-6! ° 2-8! 


PD Cay S22 2 2 a ae es: 


ia<61. * 3 723)” 115! 
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x2 x4 
27. (a) 2 aa iD) 
x x4 i xe x i 15 
a er Ge ie i) ae 32 
29.1/2 31. -1/24 33. 1/3. 35. -1 =: 37.2 
3 V3 x3 
39, 3/2 41. e 43. cos 7 45. 5 47, == 
3 = 
49, — 51. ! 55. 500 terms 57. 4 terms 
1+x (+ x? 
Ke: SIP", “Sx! : _ 
59. (a) x + 6 Se 40 + 112” radius of convergence = 1 
7 xB 3x9 5x7 


() 5 ~*~ 6 > 40 112 
G11 = ee a = A es 
67. (a) -1 (b) (1/V2)d +) (© i 
2 cll 1 3 1 5 


71. x 4+ x°4 37 30° t +++, forall x 


Practice Exercises, pp. 648-649 
1. Converges to 1 3. Converges to —1 5. Diverges 
7. Converges to 0 9. Converges to | 11. Converges to e~> 
13. Converges to 3 15. Converges to In 2 17. Diverges 
19. 1/6 21. 3/2 23. e/(e — 1) 25. Diverges 
27. Converges conditionally 29. Converges conditionally 
31. Converges absolutely 33. Converges absolutely 
35. Converges absolutely 37. Converges absolutely 
39. Converges absolutely 
41. (a) 3,-7 Sx<-l (b) -7<x<-l (Cc) x=-7 
43. (a) 1/3,0=x= 2/3 (b) OX x= 2/3 (ce) None 
45. (a) ©, forallx (b) Forallx (c) None 
47. (a) V3,-V3<x< V3 (b) -V3<x< V3 (© None 


49. (a) e, -e<x<e (b) -e<x<e (ce) Empty set 


1 14 . . ann 
51.4545 53. sinx, 7,0 55. e,1In2,2 57. D2" 


(- 1)" 2n+1 x2ntl (- 1)"x 10n/3 oS ((arx)/2)" 
8 Gai a OB 
i @t+ I) 3a@+ DP 9+ DP 
2:1! 23-2! 25-3! 
1 1 ell 2 1 3 
67.4 — pe D+ Be 3 - Be 3) 


69. 0.4849171431 71. 0.4872223583 73. 7/2 75. 1/12 
71. =2 79. r=—3,s = 9/2 81. 2/3 


n+1 é 1 
83. In ( an }: the series converges to In (5) 


85. (a) © (b) a=1,b=0 87. It converges. 


Additional and Advanced Exercises, pp. 650-652 


1. Converges; Comparison Test 3. Diverges; nth-Term Test 
5. Converges; Comparison Test 7. Diverges; nth-Term Test 
9. With a = 7/3, cosx = ; 3a a /3) Hx a [39° 
V3 ‘ 
T 12 (x a /3) ces 
1 = x — 1 1 x 1 # i 
11. With a = 0, e Lea ope gg 
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13. With a = 227, cosx = 1 Fa 227) 4 i (x — 22zr)* 
1 
~ 6 227)° ++: 
15. Converges, limit = b 17. 7/2 21. b= +t 
23.a=2,L=~—7/6 27. (b) Yes 
31. (a) Zn (b) 6 (c) F 
33. (a) R, = Coe (1 — a) /(1 — e*), 
R= Gle™)/(1 = &%) = G/(e% = 1) 
(b) R; = 1/e ~ 0.368, 
Rig = RU — &!°) = R(0.9999546) ~ 0.58195; 
R ~ 0.58198: 0 < (R — Ry) /R < 0.0001 
(c) 7 
Chapter 11 
Section 11.1, pp. 659-661 
1. 3. 
t<0 
1 i >x 
5 7 
y: y 
A A 
a aes ee eee 
16. 4 
1 2 
== t=0 
1 a 2 1 1 >xX >x 
=o =i f 2 A 
=o 
=1 
9 11. 
y y 
" A 2 


changes 
direction i 


13. 15. 
t=0 y=yl-x2 
a 
‘ 1 
‘ = 
t=-1 : 
=I 0 i 
17. y 
‘A 77 
¢ 
, 
; 
; 
y 
1 
1 
4 > x 
9 \ 
\ 
\ 
N 
N 
XN 
XN 
ae 
19. (a) x =acost, y=~—asint, OS tS 27 
(b) x =acost, y=asint, 0StS 27 
(c) x =acost, y=—asint, 0S ts 47 
(d) x =acost, y=asint, OS ts 47 
21. Possible answer: x = —-1 + 54, y=-3+4, OSrt=1 
23. Possible answer:x = 2? +1, y=t t=O 
25. Possible answer: x = 2—- 34, y=3-4f, t=O 
27. Possible answer: x = 2cost, y = 2 |sin ¢ », Os ts4r 
. —at a 
29. Possible answer: x = z = ,-O<t< © 
Vi+r V1i+? 
? a 4 _ 4tan@ 
31. Possible answer: x 1+ 2tn6’ PS Ta: tan 8° 
050 < w/2andx = 0,y = 2 if 6 = 7/2 
33. Possible answer: x = 2 — cost, y=sint, OS tS 27 
35. x =2cott, y=2sin2t, 0O<t<a7 
37. x = asin’ ttant, y=asin't, 0=t< 7/2 39. (1, 1) 
Section 11.2, pp. 669-671 
ay 
ly=-x+2V2, —=-Vv2 
2 
& 
3. y= —sx + 2V2, tee 
I? 4 
ay dy 
SiyaxtQ Go7-2 7 y= %x- V3, 23 =-3V3 
ay | 
9 y=x-4, ie a5 
2. 
li. y = V3x V3 | ¢ es 
3 dx* 
Bey=or-1, 2 =108 «15.-2 17-6 
-y = 9x > ap Pag : 
19.1 9-21. 3a? ~— 23. |ab| 25.4 27. 12 
20,q2 31, B® 3522". 45, anV5 


3 
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_ 12 24 24 
37. (%,y) =(4-HAH-2 oy : ; 
(%, 5 (2 =e ) 19 21 y 
39. (x,y) = u T . 41. (a) 7 (b) 7 g=2 
o UX, 3 3 . =5 r=1 
r=0 0s0s7 
43 1 6 Bel & 0 ;. i 
= (a) x ? »: 2 dx 2 ( ) x ? y > dx 
V¥3-1 3-V3 dy 2V3-1 i 
(c) x= , = ; = x 0 1 
2 9; ac V3-2 
V2 7 
45. ee 1}, y=2xatr=O0,y 2x att = 7 23. : 25. 
A Teg<™ 
47. (a) 8a (b) 7 ie pone 


Section 11.3, pp. 674-675 
1. a, e; b, g3c, hs d, f 3. 


27. x = 2, vertical line through (2, 0) 29. y = 0, the x-axis 
31. y = 4, horizontal line through (0, 4) 

33. x + y= 1, line, m =—1,b= 1 

35. x° + y? = 1, circle, C(O, 0), radius 1 

37. y — 2x = 5, line, m = 2,b = 5 


7 T : 39, y* = x, parabola, vertex (0, 0), opens right 
(a) (2 2 = 2n7) and (-» ge br), Hani aateest 41. y = e*, graph of natural exponential function 
(b) (2, 2n7mr) and (—2, 2n + 1)m), nan integer 43. : + i +1, two straight lines of slope — 1, y-intercepts 
(c) (2 on + 2nz) and (-2 ou + (2n + br), nan integer 45. (x + 2 + y° = 4, circle, C(—2, 0), radius 2 
2 47. x + (y — 4)? = 16, circle, C(0, 4), radius 4 
(d) (2, (2n + 1m) and (—2, 2n7), n an integer 49. (x — 1) + (y — 1)? = 2, circle, C(I, 1), radius V2 


51. V3yt+x=4 53. rcos0=7 55.0=7/4 


5s 0) @) C8, 0) Ae (-1, v3) (d) (1, v3) 57. r=2orr=-2 59. 4r?cos?@ + 9r? sin?@ = 36 


(e) 3,0) @ (1,V3) @) 3,0) @) (-1, V3) 61. rsin’?@ = 4cos 0 63. r = 4sin0 
7 lla 65. r? = 6rcos@ — 2rsind — 6 
Tee) (v2. t) Gem) te) (2 uz) 67. (0, 0), where 6 is any angle 
(a) (s. eee 4) Section 11.4, pp. 678-679 
3 1. x-axis 3. y-axis 
9. (a) ( ays, *z) (b) (-1,0) © (-» *z) A A 
3 r=1+cosé r=1-—sin@ 
(d) (-s. 7 — tan! ;) 1 Facile, Ae 


7. x-axis, y-axis, origin 


slsy 


r= sin (6/2) / 


Xu 
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9. x-axis, y-axis, origin 
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11. y-axis, x-axis, origin 


2 F 
r- = —sin@ 


13. x-axis, y-axis, origin 


15. Origin 


17. The slope at (—1, 7/2) is -1, at (-1,-7/2) is 1. 


19. The slope at (1, 7/4) is —1, at (-1, —7/4) is 1, at (-1, 37/4) 
is 1, at (1, —37/4) is —1. 


> x 


NI 
> 


(b) 


(b) 


> xX 


NI 


> x 


>x 


25. : a7, 


x >x 
-4 
29. Equation (a) 
Section 11.5, pp. 682-683 
13 7 T 
Loe Sir SS 2 Bead 
U.57-8 13.3V3-7 oo 
7. 5Z + V3 19.) 5-21, 19/3 23.8 


3 
25..3(V2+in(1+V2)) 29 +9 
31. (a) a (b) a (Ce) 2a/7 


Section 11.6, pp. 689-692 
1. y? = 8x, F(2, 0), directrix: x = —2 
3. x7 = —6y, F(0,—3/2), directrix: y = 3/2 


tw 


ao Gal) HAVO), Veo), 
_ 3 
asymptotes: y = 45x 
+y=1, F(+1,0), V0+V2,0) 


x 
2 


9. 11. 


directrix y = — w2 
; 16 
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17. 19. 39. (a) Vertex: (1, —2); focus: (3, —2); directrix: x = —1 
y z (b) y 
x? y? _ \2 3: y? = 
4 tie! tg ; (y + 2)2 = 8(x- 1) 
0 > xX. 
a ao =3 © F(3, —2) 
=§ 5 1 
-4 
—4 
21. 23. 41. (a) Foci: (4 + V7, 3); vertices: (8, 3) and (0, 3); center: (4, 3) 
(b) ¥ 
A 
y y 
A A 
iz 2 2 a <y2 =nd\2) “ye eai2 
\3 Prost el S+e1 ee 
BE mh aaa (0, 3) (8, 3) 
0 4 ae 
43. (a) Center: (2, 0); foci: (7, 0) and (—3, 0); vertices: (6, 0) and 
x y’ _ = . ran 43 = 
25. = af as l (—2, 0); asymptotes: y aorecd 2) 
27. Asymptotes: y = +x 29. Asymptotes: y= +x (b) 


45. (y + 3 = 4 + 2), V(-2,-3), FC1,-3), 
33. Asymptotes: y= +x/2 directhix: x = =4 
: 47. (x — 12? = 8 + 7), VU,-7), FU,-—5), directrix: y = —9 
hn Fest «+2? oO +I? 
> ee Oe dF 1), 
Sit ga ee Ve? £3 = 1, C= 
“> se“ >x — 27 — 37 
eel a1. 3 y4¥ 5 y= 1, F(3,3) and F(1,3), 
o = V( + V3 + 2,3), C(2, 3) 
—\10F Fy 7 > 
(«—- 2) Q- 2/° 
a 5 = 1, CQ,2), F(,2) and FI, 2), 


V(4, 2) and V(0, 2); asymptotes: (y — 2) = Bo = 2) 
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55. (y+ 12 -@+12=1, CE1,-1, F(-1, V2 -1) 
and F(—1,—V2— 1), V(-1,0) and V1, —2); asymptotes 
yV¥tb)=+@+ 1) 

57. C(-2,0), a=4 


59. Vi-1, 1), F(-1, 0) 


_ «+7, 
61. Ellipse: 5 t yo = 1, C(—2,0), F(O,0) and 
F(-4,0), V(V5 — 2,0) and V(-—V5 — 2,0) 
1p : 
63. Ellipse: 5) t+(y- 1 =1, Cd,1), FO, 1) and 


FO,1), V(V2 + 1,1) and V(-V2 + 1,1) 
65. Hyperbola: (x — 1)? — (vy - 2 = 1, Cd, 2), 
F(1 + V2,2) and F(1 — V2,2), V(2, 2) and 
V(O, 2); asymptotes: (y — 2) = +(x — 1) 
67. Hyperbola: chats _ x =1, C(0,3), F(0, 6) 


and F(0,0), V(0, V6 + 3) and V(0,—V6 + 3); 
asymptotes: y = V2x + 3 ory = V2x +3 


69. (b)l:1 73. Length = 2/2, width = V2, area = 4 
75. 247 
ea tees ; Ory 2x,% = 0, y = 2:y = 2x + 2 


79. x = 


Section 11.7, pp. 697-698 


3 1 
le=, F(+3,0); 3.e =—-; FO, +1); 
5 V2 
directrices are y = +2. 
ye e+en1 
! 1 1 a 
=I i 
Serene: -. Leeeeenerae ee 
u V3 
5.e=—-:; FO, +1); eae fe : 
A 18S 4G HEVSO), 


x 


¥ 
A ' * 2. ¥ 
' = ee ee ee 
ores caer ear aati ae VEE 9 6 a 
29 | 
V3E gn tig st ' : 
1 1 
4 1__it_s y 
i =3 3 1 
f f 
l l 1 Lyx i ' 
~\2 \2 ' ae 
\ 
f te 1 
1 1 
-\BTr 
2 2 2 2 
x y x yy: 
9. = 1 11 1 


* 4851 * 4900 — 


directrices are x = +33. 


ey 2 y 
Byte) Bata! 
i7.e= V2; F £°/2,0); 19.¢= V2; FO, +4); 
l 


directrices are y = +2. 


directrices arex = + 


i 28 = 2 
25. y 8 1 27...x 8 1 29. r i= cock 
_ 30 _ 1 _ 10 
oP = T= 5 ae i "2+ cos 0 aot 5 — sind 
37. 39. 
A 
25 
sei "* 10 = 5 cos 
—5 (5, 0) 
>x 


41. 43. 
y=50 


50 
Ss” 2a & 400 


~ 16+ 8 sind 


>< 


Radius = 2 


57. r = 12cos0 


>< 


(x- 6) + y? = 36 
r= 12cos0 


@+tIyt+y=l 


r=—2cos@ 
Ga) ” 


>< 


r=-—2cos6 


Radius = | 


59. r= 10sin0 


> x 


63. r = —sin@ 


67. 


4 r=4sin@ 
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69. 


71. 


r 


~7¥2sind 
75.(b) Planet Perihelion Aphelion 
Mercury 0.3075 AU 0.4667 AU 
Venus 0.7184 AU 0.7282 AU 
Earth 0.9833 AU 1.0167 AU 
Mars 1.3817 AU 1.6663 AU 
Jupiter 4.9512 AU 5.4548 AU 
Saturn 9.0210 AU 10.0570 AU 
Uranus 18.2977 AU 20.0623 AU 
Neptune 29.8135 AU 30.3065 AU 


Practice Exercises, pp. 699-701 


1, 

5. 

7.x=3cost, y= 
v3 11 

a ame Maca 


A-49 


A-50 
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+ |x|3/2 +V1— 2 
1 @ y= ) y=— 5 
10 285 on 167 
13. 3 15. 8 17. 10 19, 5) 21 3 
m3. y= 3x4 25. x = 
A s x=2 


29. 
~3 
2 — 
2 
31. (x - V2)? +y? =2 33. 
A 
r= 2y/2 cos 0 


+x r=—4sin@ 


N 


P+(yt2P2=4 


y 


2 2 
x +(y +2) =4 


i >Xx 


35. r = 3cos@ 37. 


r=3cosé 


> xX 


>< 


0=r=6cos0é 


9 
47. 37 


55. Focus is (0, —1), 


57. Focus is (3 0), 


directrix is x = — 


directrix is y = 1. 


iw 


59. e = : 
7 
1 2. 
4 ca + 16° 1 
= >x 
M7 
7 
63. (x — 2 = —12(y — 3), V(2, 3), F(2, 0), directrix is y = 6. 


65 


67. 


69 


71 
73. 


75 
77 


ge sy. (rs. 

an a aa 1, CC3, 
F(—3,—9), V3, — 10) and V(-3, 0). 
(y-2V2)?  @-2/ 

; 5 = 1, (2,22), 

F(2,2V2 + V10), V(2,4V2) and V(2, 0), the asymptotes 
arey = 2x -4+ 2V2 and y = —2x + 4 + 2V2. 

. Hyperbola: C(2, 0), V(O, 0) and V(4, 0), the foci are 

K= 2 
- 

. Parabola: V(—3, 1), F(—7, 1), and the directrix is x = 1. 

. Ellipse: C(—3, 2), F(-3 + V7,2), VL, 2) and V(-7, 2) 


5), F(-3, —1) and 


F (2 Ay 3, 0), and the asymptotes are y = + 


. Circle: C(1, 1) and radius = V2 
. V(1, 0) 79. V(2, 7) and V(6, 77) 


"T+ cos 0 
(2,7) 


>x 
(1, 0) 


(6, 77) 


= 4 = 2 
~ 1+ 2cosé ae 2+ sind 
85. (a) 247 (b) l67 


81. r 


Additional and Advanced Exercises, pp. 701-703 


2 yy. 
ats n 
1. x > 5) E 


3. 3x2 + 3y2?-— By +4=0 5. FO, $1) 


O-1~P 2 
te) ag ag APD 25 75 
16 2 
11. 13. 
r+ 4y-4=0 {2 -y-1=0 . A 
+e si - 
15. y 
17. (a) r= (b) VS (ee — 1) 
a -~_ 2 
Lt Tas nee aad 2+ sind 


23. x = (a + b) cos 0 — bos(4 : 0), 


y= + bysing — bsin(4 40) 


27. 


Chapter 12: Answers to Odd-Numbered Exercises A-51 


Chapter 12 


Section 12.1, pp. 707-708 
1. The line through the point (2, 3, 0) parallel to the z-axis 
3. The x-axis 


5. The circle x* + y? = 4 in the xy-plane 

7. The circle x* + z* = 4 in the xz-plane 

9. The circle y* + z? = 1 in the yz-plane 
11. The circle x? + y* = 16 in the xy-plane 


13. The ellipse formed by the intersection of the cylinder 
x? + y* = 4 and the plane z = y 
15. The parabola y = x? in the xy-plane 
17. (a) The first quadrant of the xy-plane 
(b) The fourth quadrant of the xy-plane 
19. (a) The ball of radius 1 centered at the origin 
(b) All points more than | unit from the origin 
21. (a) The ball of radius 2 centered at the origin with the interior of 
the ball of radius 1 centered at the origin removed 
(b) The solid upper hemisphere of radius 1 centered at the origin 
23. (a) The region on or inside the parabola y = x? in the xy-plane 
and all points above this region 
(b) The region on or to the left of the parabola x = y” in the 
xy-plane and all points above it that are 2 units or less away 
from the xy-plane 
25. (a) x= 3 (b) y=-1 (0) z=-2 
27. (a) z=1 (b) x=3 () y=-l 
29. (a) x? + (y — 2 =4,z2=0 


(b) V¥- 2? +2=4x=0 @©xrt+2=4y=2 
31. (a) y=3,2=-1 (b) x=1,z2=-1 

(ec) x=1,y=3 
33. xP + y+ 2 = 25,7 =3 35.05z=1 37. z= 0 


39. (a) @- 12 +Q- 1% +(%-1?<1 
(b) @- 1? +Q- 1% 4+@-1°>1 
41.3 43.7  45.2V3 47. C(-2,0,2),a = 2V2 
49. C(V2, V2,-V2),a = V2 
51. (x — 12 +(y-2% + (¢- 3% = 14 


i, 8 16 
53: (x T 1) (> ;) T (< T 2) 81 


_ a me bE 
55. C(-2,0,2),a= V8 57. cf oer t),a z 


59. (a) Vy + 2 (b) Vet 2 (c) Very 


61. V17+ V33+6 63% y=1 
65. (a) (0,3,-3) (b) (0,5,—5) 


Section 12.2, pp. 716-718 
1. (a) (9,-6) (b) 3V/13 
5. (a) (12,-19) (b) V505 


re (8) a Ya cing 


3. (a) (1,3) (b) V10 


55 5 
1 V3 V3 «1 
11. (-2,-3) 13. (-4 a) 15. (-3,-4) 
17.-3i+ 2) -—k 19. —3i + 16j 


21. 3i + 5j — 8k 


A-52 Chapter 12: Answers to Odd-Numbered Exercises 


23. The vector v is horizontal and | in. long. The vectors u and w are 
7 in. long. w is vertical and u makes a 45° angle with the hori- 


zontal. All vectors must be drawn to scale. 


(a) y (b) 


(c) =X (d) 


u—w 


gr gh g 


. |3(Si val vat) 


25. (21+ fi 2x) 27. 5(k) 


31. » 2% (b) —V3k (0) ai+2k (a) 6i — 2j + 3k 
33. G (12i — 5k) 
6,6) At jo Se HD 


5Vit 52) V2 


1 1 1 579 
a7, i j k (b) (2,5,4 
V3, V3) V3 m (3 2 :) 


=3y,a!1 
39. A(Y4,—-3,5) 41. a =5,b=5 
43. ~ (—338.095, 725.046) 


— 100 cos 45° _ 
45. |F,| = ee 73.205 N, 
— 100 cos30° _ 
IF] = 75° 89.658 N, 
F, = (—|F| cos30°,|F\| sin30°) ~ (—63.397, 36.603), 
F, = (|B cos 45°, |F,| sin45°) ~ (63.397, 63.397) 
49: = SO - 96 008, 
cos 40) 
_ weos35° 
Il = G75? 106.933 N 
49. (a) (5 cos 60°, 5 sin 60°) = (3 33) 


(b) (5 cos 60° + 10 cos 315°, 5 sin 60° + 10 sin 315°) = 
€ + 10V2 5V3- tov) 


2 ° 2 


51. (a) 3i + 5 j —% @)it+j-2% © 220 


Section 12.3, pp. 724-726 
1. (a) —25,5,5 (b) -1 (©) -5 (d) -2i + 4j — V5k 
3. (a) 25,15,5 (b) ; (c) : (d) 5 (104 + 11j — 2k) 


5. (a) 2, V34, V3 (b) err ig = 


(@) 3 i — 3k) 


13. 


23. 


25. 


(a) 10 + VI7, V26, V21_ (by “2 
(a) (b) 4/546 
10 + V17 10 + V17 : 
(c) ae (d) %6 J) 


. 0.75 rad 11. 1.77 rad 


if 
Angle at A = cos (4 =~ 63.435 degrees, angle at 
V5. 


B= cos! (2) =~ 53.130 degrees, angle at 


C= cos'(-) = 63.435 degrees. 


V5. 

Horizontal component: ~ 1188 ft/sec, vertical component: 

= 167 ft/sec 

(a) Since |cos 6| < 1, we have |u-v| = |u| |v||cos 6| <= 
Jul |v] (1) = [ul |v]. 

(b) We have equality precisely when |cos 6| = 1 or when one or 
both of u and v are 0. In the case of nonzero vectors, we 
have equality when 6 = 0 or 7, that is, when the vectors are 
parallel. 


.a 
~xt+2y=4 35. —2x + y = -3 


44+ j 


39. 2x -y=0 
A 
'P(1, 2) 
2x-y=0 
>x 
-i - 2j 
41.53 43.3464) 45. a 47 a 49. 0.14 


Section 12.4, pp. 730-732 


1. 


eee rae _ 
uXv = 3, direction is zi + 3) + 3k; ul 3; 

Bo pee. Don, le = oD 
direction is 31-3473 k 

u X vi = O, no direction; ul = 0, no direction 

u X y| = 6, direction is —k; u| = 6, direction is k 
uXv x u| = 6V5, 

is Ti Ak 

direction is ear + —=k 


Vs." V5 
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19.x=2-2t, y= 21, 
z=2-24 057r<1 
Cuil 
a 
7 
& 
(2,0,2)¢ 
(0, 2, 0) 
1 
15. (a) 2V6 (b) += Qi+j+h x x 
V6 
V2 Il. . 21. 3x — 2y —-z=-3 23. 7x — Sy — 42 =6 
17. (a) —5~  (b) + Wee 25. x + 3y+4¢=34 27. (1,2,3),-20x + 12y +2 =7 
19. 8 21. 7 23. (a) None (b) uandw 29. y+z=3 31.x-yt+z=0 33. 2V30 35. 0 
25. 10V3 ft-lb 9V/42 Fe 
27. (a) True (b) Notalwaystrue (c) True (d) True 37. 7 39. 3 41. 19/5 43. 5/3 45. 9/V 41 
Ne ee ie ee ee 47. 7/4 49. 1.381ad 51. 0.82 rad_—53. (3-3 :) 
29. (a) projyu = yryv (b) tuxv (©) t(Uuxvxw 
Vv 55. (1, 1, 0) 57.x=1-t, y=lt+tz=-l 
(d) |(u x v)-w| () UX v) xX Uxw) ff) a 59x=4, y=3+6 z=1+3t 
31. (a) Yes (b) No (c) Yes (d) No 61. L1 intersects L2; L2 is parallel to L3, V5/3;L1 and L3 are 
33. No, v need not equal w. For example, i + j # —i + j, but skew, 10V2/3 
ix@+j=ixit+ixj=0+k=kand 63.x=2+24, y=-4-4 2=74+34h x=-2-14, 
ix(-it+ jp) =-ixitixj=0+k=k y=-2+ (1/2), z=1- G/2)t 
11 25 
35.2 37.13 39. V129 a 8. ei (0 a 3). 1, 0,-3), (L-1,0) 
45. ; 47. < 69. Many possible answers. One possibility: x + y = 3 and 
. . . . 2yrtr= 7. 
49. If A = ai + ayj and B = bi + pj, then 71. (x/a) + (y/b) + (z/c) = 1 describes all planes except those 
ij k through the origin or parallel to a coordinate axis. 
AXB= lq @ of = | fal 
b, by 0 is Section 12.6, pp. 744-745 
and the triangle’s area is 1. (d), ellipsoid 3. (a), cylinder 5. (1), hyperbolic paraboloid 
; are B _ +3 a a 7. (b), cylinder 9. (k), hyperbolic paraboloid 11. (h), cone 
bb 13. ; 15. : 
The applicable sign is (+) if the acute angle from A to B runs 2+y=4 i 
counterclockwise in the xy-plane, and (—) if it runs clockwise. 
Section 12.5, pp. 738-740 
Lx=3+t y=-4+4 z=-l1t+t = 
3.2 -2 7565 yes g= 3-31 2 ‘ 
5.x=0, y=2t, z=t 
7x=1, y=l1, z=1t+t x 
9 x=t, y=-74+ 24, 2 =2t 
ll. x=, y=0, z=0 
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17. 7 19, 440? +42 = 36 


25. 


27(9 : 
45. (a) ————__ (b) 87 (ec) 


Practice Exercises, pp. 746-747 
1. (a) (-17,32) (b) V1313 


3. (a) (6,-8) (b) 10 
V3 


5. (- aT x) [assuming counterclockwise] 


aa) 


eee | 1 
9. Length = 2, direction is —=i + —=j. 
v2 V2 
11. v (7/2) = 2(-i) 
_ ot, te Diet Da 0. 
13. Length = 7, direction is si- aj + 5 k. 


8-25, 8, 
V33 33 V33 
17. |v| = V2, ul 3,v;u=u'v =3,v Xu=—2i + 2j — k, 


15. 


T 


af 1 
v Xu] = 3,0-= cos( =—, 
vA 4 
] ; D) este a 
|u| cos @ = ed ae a + j) 


uXv=2i-24+k, 


19. 5 (28+ j- k) 
21,.uxv=k 


23. 
31. 
35. 


39. 


43. 
45. 
47. 
49. 


53. 


57. 
59. 
61. 
63. 


65. 


2V7 25. (a) V4 (b) 129. V78/3 

x=1-37, y=2, <=3+7 33. V2 

2axty+z=5 37. —-9x ty +7z=4 

(0 Y 3). 1,.0;=3);.¢1,1,,0) 41. 7/3 
2-2 

x=-5+5t y=3 t, z=—3t 

(b) x =—12t, y= 19/12 + 154, z= 1/6+ 6f 

Yes; v is parallel to the plane. 


3 51. —3j + 3k 

2 i 11 26 7 
a j — 3k) 55. & 9° i) 
(1,-2,-1);x=1-5tf y=-2+34, z=-1 
2x + ‘Ty + 2z + 10 =0 


(a) No (b) No (c) No (d) No (e) Yes 
11/V 107 


r+yte=4 


67. avsaee ena 


vv 


Additional and Advanced Exercises, pp. 748-750 


1. (26, 23,-1/3) 3. |F| = 20 1b 
5. (a) |F,\| = 801b, |F| = 601lb, F, = (—48, 64), 
Z 43 
= = 1 = 1 
F, = (48,36), a@ = tan 3° B = tan 4 


4t 
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(b) |F,| = a = 184.615 lb, |F,| = “~ ~ 76.923 lb, 
—12,000 28,800 
l= 169.” 169) ~ ‘~71.006, 170.414), 
12,000 
= ( 169 7) = (71.006, 29.586), 


4 12 =f 
= 1 - 1 
a = tan 5° 6 = tan 12 


9. (a) 6 = tan! V2 ~ 54.74° (b) 6 = tan! 2V/2 ~ 70.53° 
6 
13. (b) —— (ce) 2x-yt 2z=8 
V 14 
(d) x-— 2y+z=3+4+5V6andx—2y+z=3-5V6 
326. 23%. - AB 
Heat)? ag! ag * 
17. (a) 0,0 (b) —10i — 2j + 6k,—9i — 2j + 7k 
(c) —4i — 6j + 2k, i — 2j — 4k 
(d) —10i — 10k, —12i — 4j — 8k 
19. The formula is always true. 
Chapter 13 
Section 13.1, pp. 757-759 
1 y=x?- 2%, v=it 2j, a= 2j 
3. y = Ex, v=3i+ 4j, a= 3i+ 8j 
Pare ver 2, -V2,_ V2, 
- 4:V 7 1 7 3 a=-y i 7S 
t= m/2:Vv j, a i 
‘ 37 ‘ 
7. t=7:vV = 2i, a jit 7 Vv i-j, a=-i 


r=(t—sinf#i+(1—cos nj 
1 
7 Qa 


9. v =i + 2tj + 2k; a = 2j; speed: 3; direction: fi + ai + =k: 
v(1) = a(4i rf j " 2x) 
11. v = (-2sindi + (3.cos nj + 4k; 
a = (—2 cos fi — (3 sin Dj; speed: 2V5; 
direction: (-1/V5)i + (2/V/5)k; 
v(m /2) = 2V5[ (-1/V5)i + (2/V5)k] 


A-56 Chapter 13: Answers to Odd-Numbered Exercises 


13. 


15. 
19. 
23. 


25. 


— 2 7 -4 7 4 . = 72 4 7 +4 . 
Vv (2 :)i T 2tj + tk; a (- ah =k T 2j + k; 


speed: V6; direction: z i 


_ 1 i4 2. 1 
— va Ve ick) 
a /2 17. 7/2 


xh you, cH=1+1 21x =f, y t z=t 


(a) (i): It has constant speed 1. (ii): Yes 
(iii): Counterclockwise (iv): Yes 
(b) (i): It has constant speed 2. (ii): Yes 
(iii): Counterclockwise (iv): Yes 
(c) (i): It has constant speed 1. (ii): Yes 

(iii): Counterclockwise 
(iv): It starts at (0, —1) instead of (1, 0). 
(d) (i): It has constant speed 1. (ii): Yes 
(iii): Clockwise (iv): Yes 
(e) (i): It has variable speed. (ii): No 
(iii): Counterclockwise (iv): Yes 


v=2V5i+ V5j 


Section 13.2, pp. 765-768 


1. 
5. 
7. 


11. 


13. 
15. 


17. 


19. 
21. 
23. 
25. 
33. 


j + 2k 


(1/4)i + 77+ GB/2k 3. (74) 


(In 4)i + (in 4)j + Cn 2)k 
end. , @= Ts , eo ep TE, 
7 ite jt+k 9. i j+ qk 


r() = (+ 1) (+ 2)j (+ 3k 


r(f) = (t + D3? — Dit Cet + Dj + (ng + 1) + Dk 
r(t) = 8ti + 8rj + 167 + 100)k 


r(f) = (3: 2 4 a i) (50 vas 2) 
a ae _ bis, 26 Vee: 4 

+ t+ 3 |k t 3 t k 
(3 Vil (3: JA)o ee. 


+(i + 2j + 3k) 

50 sec 

(a) 72.2 sec; 25,510 m (b) 4020 m (c) 6378 m 

(a) up ~ 9.9 m/sec (b) a = 18.4° or 71.6° 

39.3° or 50.7° 31. (b) vp would bisect ZAOR. 

(a) (Assuming that “x” is zero at the point of impact) 
r(t) = (x())i + (V()j, where x(t) = (35 cos 27°)t and 
y(t) = 4 + (35 sin 27°)t — 1677. 

(b) At t ~ 0.497 sec, it reaches its maximum height of about 
7.945 ft. 

(c) Range ~ 37.45 ft; flight ttme ~ 1.201 sec 

(d) Att ~ 0.254 and t ~ 0.740 sec, when it is ~ 29.532 and 
= 14.376 ft from where it will land 

(e) Yes. It changes things because the ball won’t clear the net. 


35. 4.00 ft, 7.80 ft/sec 


43. (a) r(t) = @(t)i + O(D)j; where 


x(t) = (ats tg) — €.08r)(152 cos 20° — 17.6) and 


1 


52 


y(t) = 3 -( 


0. 


( 32 
0.08? 


41.893 feet. 


7) (1 — e°") (sin 20°) 


) (1 — 0.08% — e-08") 


(b) Att ~ 1.527 sec it reaches a maximum height of about 


(c) Range ~ 351.734 ft; flight time ~ 3.181 sec 
(d) At t ~ 0.877 and 2.190 sec, when it is about 106.028 and 


251.530 ft from home plate 


(e) No 


Section 13.3, pp. 771-772 


a, \., {2 5 a 
1. T ( 7 + (Feos:)i +3 k, 377 

1 vt Ee nS 
3. T = i+ 5. T = —cos tj + sin tk, 

cost — tsin sint + tcost). 
n= (e0! t+1 7 ( t+1 )i 

(20? 1 

ey a me 
9. (0, 5, 2477) 
11. s(t) = 5t, pect 

2 
3V3 

13. s(@) = V3e'- V3, L=—7= 18. V2. + In(1 + V2) 


17. (a) Cylinder is x7 + y? = 


(b) and (c) 


1; planeisx + z= 1. 


Qa 
(d) L -f V1 + sinttdt (e) L ~ 7.64 
0 


Section 13.4, pp. 777-778 


1. T = (cos di — (sindj, N = (sin di — (cosAj, K« = cost 
1 t —t 1 
3.T= i j, N= i i, 
Vi¢P V+? Vice Vier 
_ 1 
2(V1 + 2)3 
5. (b) cos x 


7. (b) N= 2 _ i a 
V1 + 4e*" V1 + 4e* 
() N=-3(V4= i + di) 
9, SO) a Pe a Cea = ey, 
5 5 5 
3 
25 
cost — sint cost + sint 
11. T= i+ i. 
n = ({ —298 t — sin ‘) (= t + cos ‘\ _ il 
V2 V2 v2 
t 1 i tj 
13. T = i+ j. = , 
P+1 | Ve+i° VP+1 Ve+1 
= 1 
8 (2 + I? 
E\s t\e 
15. T = (seen ‘i + (.anh ti 
N= ( tanh a + (seen a 
K= I ech? £ 
19. 1/(2b) 
21, (<-%) +y8=1 
23. K(x) = 2/(1 + 4x7)3? 
25. K(x) = |sinx|/(1 + cos?x)*/? 


Section 13.5, pp. 783-784 


1. a= |a|N 3. a(1) = <7 So 2V5 x 5. a(0) = 2N 
el em Vega Vee aft v2, 
“4 Go oe ee 2 itd 
T\ _ V2. V2 ‘ Ln oe : : 
n(7) 7 1 7 J (7) k; osculating plane: 
z = —1; normal plane: —x + y = 0; rectifying plane 
eye we) 
_ {4 : 4. \. 3 __4 
9. B (3 cos ‘i (: sin ‘i 5 kT 25 
11. B=k,7 =0 13. B = —-k,7 =0 15. B=k,7 =0 
17. Yes. If the car is moving on a curved path (k # 0), then 
ay = k|v|? ~ Oanda # 0. 
23. K = 1p =t 
27. Components of v: — 1.8701, 0.7089, 1.0000 


Components of a: — 1.6960, —2.0307, 0 

Speed: 2.2361; Components of T: —0.8364, 0.3170, 0.4472 
Components of N: —0.4143, —0.8998, —0.1369 

Components of B: 0.3590, —0.2998, 0.8839; Curvature: 0.5060 
Torsion: 0.2813; Tangential component of acceleration: 0.7746 
Normal component of acceleration: 2.5298 


29. 


Chapter 13: Answers to Odd-Numbered Exercises A-57 


Components of v: 2.0000, 0, — 0.1629 

Components of a: 0, — 1.0000, — 0.0086; Speed: 2.0066 
Components of T: 0.9967, 0, —0.0812 

Components of N: —0.0007, — 1.0000, — 0.0086 

Components of B: — 0.0812, 0.0086, 0.9967; 

Curvature: 0.2484 

Torsion: 0.0411; Tangential component of acceleration: 0.0007 
Normal component of acceleration: 1.0000 


Section 13.6, pp. 787-788 


1. 


11. 
15. 


v = (asin #)u, + 3a(1 — cos 0)uy 

a = 9a(2 cos 80 — 1)u, + (18a sin 0)ug 
Vv = 2aeu, + 2euy 

a = 4e(a — 1)u, + 8aeuy 

v 

a 


Il 


= (-8 sin 4fu, + (4 cos 4t)uy 

= (—40 cos 4nu, — (32 sin 4t)ug 
~29.93 x 10!°m 13. ~2.25 X 10° km?/sec 
~ 1.876 X 10°’ kg 


Practice Exercises, pp. 788-790 


19. 


21. 


23. T 


25. 


At t = 0: a7 = 0, ay = 4, = 2; 
Atr=w Dawg = 4v2, = 42 
qe Be ge ag 
lv eae =: I 5. kK = 1/5 7. dy/dt = —x; clockwise 


. Shot put is on the ground, about 66 ft 3 in. from the stopboard. 


—_— 7 | : | T i i 1 
. Length 4 14 16 in(2 + 1+ =) 
a | ls Is 
. TO) = +5k; NO) = —=i+ —- 2j; 
ee) V2, V2) 
is =e, 2 V2 l 
B(O) = i jt ky; K= [T= 
3V2 3V2°—3V2 3 6 
i 4, 4. 1s 
Tdn2) = —=i+ —yj; Ndn2)= i+ j 
V17 V17 V17 V17 
8 
Bdn 2) = k; x = 77 =0 
17V17 
a(O) = 10T + 6N 
: 1 
cost ji — (sinnj 4 ( cos rk 
-(45 V2 
N ( : sin ‘i (cos tj — (J sin rk 
Ve V2 , 
B : i : k; kK = : ;7T=0 
va. Aya V2’ 
. 27.x=1+t y=t z=-t 31x =H 
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Additional and Advanced Exercises, pp. 790-791 


d6 Tgb 
1 ee 
bt? br 
(b) 9 =" = 2 
a + B) a2 + b?) 
oes 
ce) vit) = ———-T;; 
Vae t+ b 


Gr _ bg ; ( bgt ) 
T+ a\—"—|N 
de? V@e@+tPR a+ b* 


There is no component in the direction of B. 


dx _. ae dy, . 
5. (a) a rcos @ — rO sin 6, 7 = rsin@ + récos 6 
dr > «. cae dd_. ; 
(b) di * 0088 + ysin 8, rae = x sin @ + ycos 6 
7. (a) a(1) = —9u, — 6ug, V1) = —u, + 3u, (b) 6.5 in 


réuy + zk,a = (* — r62)u, 4 


9. (c) V=ru,4 
(r6 + 270)u, + Zk 


Chapter 14 


Section 14.1, pp. 799-801 
1. (a) 0 (b) 0 (ce) 58 (d) 33 
3. (a) 4/5 (b) 8/5 (ce) 3 (d) 0 
5. Domain: all points (x, y) on 
or above line y = x + 2 
y=xory=x 


7. Domain: all points (x, y) 
not lying on the graph of 


M y 
A A i 
My 
vex fo 
A if 
ad, 
ie oes 
oe 7 
va oo 
Oe 
GE 
(Gil) 
Ua 


9. Domain: all points (x, y) satisfying x7 - 1 <y =x? + 1 


9) 
y y=x*tl 


11. Domain: all points (x, y) for which 
(x — 2)@ + 2)Cy — 3)Cy + 3) = 0 


x=—2 y x=2 


3 


> x 


y=-3 


17. 


19. 


21. 


23. 


25. 


27. 


29. 


31. 
37. 


(a) All points in the xy-plane (b) All reals 

(c) The lines y — x = c (d) No boundary points 

(e) Both open and closed (f) Unbounded 

(a) All points in the xy-plane (b) z = 0 

(c) For f(x, y) = 0, the origin; for f(x, y) # 0, ellipses with the 
center (0, 0), and major and minor axes along the x- and 
y-axes, respectively 

(d) No boundary points 

(f) Unbounded 

(a) All points in the xy-plane (b) All reals 

(c) For f(x, y) = 0, the x- and y-axes; for f(x, y) # 0, hyperbo- 
las with the x- and y-axes as asymptotes 

(d) No boundary points (e) Both open and closed 

(f) Unbounded 

(a) All (x, y) satisfying x7 + y?< 16 (b) z= 1/4 

(c) Circles centered at the origin with radii r < 4 

(d) Boundary is the circle x7 + y? = 16 

(e) Open (f) Bounded 

(a) (x,y) # (0,0) (b) All reals 

(c) The circles with center (0, 0) and radii r > 0 

(d) Boundary is the single point (0, 0) 

(e) Open (f) Unbounded 

(a) All (x, y) satisfying -l1 = y-x=1 

(b) -7/2 <<< 0/2 

(c) Straight lines of the form y — x = c where-1 =c = 1 

(d) Boundary is two straight lines y = 1 + xandy=—-1+x 

(e) Closed (f) Unbounded 

(a) Domain: all points (x, y) outside the circle x7 + y? = 1 

(b) Range: all reals 

(c) Circles centered at the origin with radii r > 1 

(d) Boundary: x? + y? = 1 

(e) Open (f) Unbounded 

(f) 33. (a) 35. (d) 


(a) 


(e) Both open and closed 


(b) y 


AOA 
wots Woul 
HR 


Re 


aN 


39. (a) 


A party? 
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49, x° + y? = 10 


47. (a) 


61. Vx —y—Inz=2 


65. Domain: all points (x, y) 
satisfying |x| < |y| 


Ng 2 
~ 7 
x a 
~~ 7 
x i 
x 7 
x 7 
~ 7 
LZ 
SK >x 
,» | 
Zc x 
a ™ 
Zc >» 
“a ™ 
Zc SSy= 
¢ 
7 
i >. 


level curve: y = 2x 


Section 14.2, pp. 807-810 


1.5/2 3.2V6 51 
1.1/4 13.0 15. -1 
21.1 23.3 25. 19/12 


5l.xt+y=4 


y 


ae) 2 


x 


63. xP +y+4+7=4 


67. Domain: all points (x, y) 
satisfying -1 = x = 1 and 
-l=y=l 


y 
A 


1 


level curve: 


sin! y — sin! x = a 
7.1/2 91 
17.2 19. 1/4 
27.2 29. 3 


31. (a) All, y) (b) All (x, y) except (0, 0) 
33. (a) All (x, y) except where x = Oory=0 (b) All (x, y) 


35. (a) All (x, y, z) 


(b) All (x, y, z) except the interior of the cylinder x? + y? = 1 


A-60 


37. 
39. 


41. 
43. 
45. 
47. 
49. 
51. 
55. 
59. 
63. 
69. 
75. 


1. 


Chapter 14: Answers to Odd-Numbered Exercises 


(a) All(x, y, z) withz #0 (b) All@,y, 2) with x? + 2 #1 
(a) All points (x, y, z) satisfying z > x2 + y? + 1 

(b) All points (x, y, z) satisfying z A Vx? + y? 

Consider paths along y = x,x > 0, and along y = x,x < 0. 
Consider the paths y = kx’, k a constant. 

Consider the paths y = mx, ma constant, m ~ —1. 
Consider the paths y = kx’, k a constant, k ¥ 0. 

Consider the paths x = 1 and y = x. 

(a) 1 (b) O (ec) Does not exist 

The limit is 1. 57. The limit is 0. 

(a) f(x, y) ane = sin20 where tan0 = m 61. 0 


Does not exist 65. 7/2 67. f(0,0) = In3 
6=0.1 71. 6 = 0.005 73. 6 = 0.04 
6 = V0.015 77. 6 = 0.005 
Section 14.3, pp. 819-821 
of Of | Of of, 
ax io ce =-3 3. ax 2x(y t 2): ay x 1 
of of 
ag = 2v0y — 1,35 = 2xGy — 1) 
of x Of y 
ox fry yy V2 + y 
of -1 Of -1 
ox (t+ yy?’ oy at yp 
of =yrl af of=1 
dx (xy — 1)’ 9Y — @y — 1P 
of = prtytl of =— prtytl of = 1 of 1 
"ax & tay FS 5, xtydy xty 
2 2s1 3 3 
ay ZSin (x y) COS (x y), 
of ; 
ay = —6sin(x — 3y)cos(x — 3y) 
of af af _ af 
ay OF ay x Inx 21. a. — g(x), — = g(y) 
* fe vf, 2xy, f, 4z 
f=ELfy=aO? + 27 f, = —2? + 2? 
= ye a XZ ce xy 
’ Si = eyez” y VI ry < VI ey 
_ 1 _ 2 _ 3 
© Fe [aap ae poy ae x + 2y + 3z 


3755 


39. 


wf = KEP), f= Dye OH), fF = 


fy = sech*(x + 2y + 32), fy = 2sech*(x + 2y + 32), 


Qe ty +2) 


fz = 3sech*(x + 2y + 3z) 


af . af 
a —27sin(27t — a), aa sin(27t — a) 

eh = singcosé, cos dcos 0 a sing sind 
ap mn ~?P 7 

W,(P, V, 8, v, g) = V, WAP, V, 8, v, g) = P+ a 
W3(P, V, 8, v, g) = Vor Wu, V, 8, v, g) = toe 
W¢0.¥.d:up) <2 


2g 


41. 


43. 


45. 


47. 


49. 


51. 


53. 


55. 


57. 
59. 


63. 


69. 


71. 


89. 


1, 


33 


of of PF Pe 
ax TY, a dy =1¢4 XxX, ax2 > ay? > ay ox ax ay 
Og | ae : 
cr 2xy + ycosx, a x* — siny + sinx, 
ag ; _ og 
ae y — ysinx, ay? = —cosy, 
mg og , 
ay ak dk ay 2x + cosx 
or 1 or 1 er -l er -i 
ax xtyoy xt yar wtyyP dy? wt yy 
er ri —-i 
dyax axdy (x + yy 
oe = xy sec? (xy) + 2x tan (xy), = x sec? (xy), 
a°’w _ aw eee 2 2 2 
ay ax = ax ay = 2x°y sec (xy) tan (xy) + 3x° sec-(xy) 
2 
i = 4xy sec? (xy) + 2x?y? sec? (xy) tan (xy) + 2 tan (xy) 
x: 
2 
z w = 2x4 sec? (xy) tan (xy) 
oy~ 
Ow, 2 2 >) wW_ 3 2 
ox Sin (x2y) + 2xy cos (x?y), ie x3 cos (xy), 
aw dw _ a4 ‘i ee 
ayae Gay 3x? cos (xy) — 2x4y sin (xy) 
2 
= = 6xy cos (x*y) — 4x3y? sin (xy) 
ox 
d’w = —2° sin (x’y) 
dy? 
aw_ 2 w__ 3 dw_ dw__—-6 
ax 2x + 3y’ dy 2x + 3y’dydx axdy (2x + 3y)* 
dw pees GD eal 304 dw 
ee 4 + 2xy t Buty! So = Qay + 3x¥y? + 4x33, 
aw _ ow _ 1 24 2,,3 
ay ax ax dy 2y T 6xy +t 12x y 
(a) x first (b) y first (ec) x first 
(d) x first (e) y first (f) y first 
fC, 2) = —13, fs, 2) = — 
fe C2, 3) = 1/2, fy 2, 3) = 3/4 61. (a) 3. (b) 2 
0A sa dA _ ccosA — b 
V2 65.2 Or da besinA’ db bcsinA 
Inv 
pene 
*  dnuw)dnv) — | 
f, @, y) = 0 for all points (x, y), 
_Jf3y, y2=0 
een i y<0 
fry OY) = fy Oy) = 0 for all points (x, y) 
Yes 
Section 14.4, pp. a 
dw 
(a) #=0, ) Ym =0 
dw _ - : 
@) Gal @) 9G) = 


5. (a) a = 4ttan'++ 1, (b) a) =7+1 
Oz : 
7. (a) ra 4 cos v In(u sin v) + 4 cos v, 
Qc 2 
= = —4y sin v In(u sin v) + svtoeu 
dv sin v 


(b) a = V2(In2 + 2), 2 = -2\V/2(In2 — 2) 


9, (a) = 2u + dun, = -2v + 202 
I. @) 5 ‘a 7 cop ~& =F 
a ote 2 


dz _ azdx , agdy 


MS ead aya 


dw _ dwdx , dw9Y dw _ dwox , dwAY 


ie ou = oxdu dydu’dvu  axdu 


aw 


dzOy az _ 
ay at’ as 
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dw — dwou dw _ dwou 


Be a dn as OF du BE 
dw dw 
| du ‘du 


dw9Y | dwax oy 


ayar axdr ear — 
aw9Y awd , Ox 0 
dyds dy ds ae ds 


25.4/3 27. —4/5 


Oz OZ 
eg 1 
dey oe _ 
37. 5, 2.55) 1 


41. —0.00005 amp/sec 
47. (cos 1, sin1, 1) and (cos(—2), sin(—2), —2) 


49. (a) Maximum at (- v2) and (3 _V2). 


2° 2 2 
' Void 4 V2 «V2 
tee og 7 2 
(b) Max = 6, min = 2 
. 3x? 
51. 2xV2x8 + 4 : dt 
0 2Vf4+ x 


Section 14.5, p. 888 
1. 


A-61 


A-62 


11. 


21. 


23. 


25. 


29. 


31. 


33. 
35. 


Chapter 14: Answers to Odd-Numbered Exercises 


u= Au tj +h), (Daf), = -2 


27. 


Vf= 


21+ 2j 


2 


vty a4 ys—xt 22 
eS Gees 
5 - $i, u > 
(b) u=-3i + 25,0, fa, =—5 
i a ee 
ee 5 Se 51 54 
ee: eee 
(d) u ju = 551 55J 
o ; re 
7 a5" O54 
ae ae eres a ee 
u 1 J u 
V53.— V5 VB VB 


No, the maximum rate of change is V185 < 14. 


-1/V5 


Section 14.6, pp. 845-848 


1. 


3. 


5. 


. (a) V3 sin V3 - Foos 


(a) xt y+z=3 

(b) x= 14+ 24y=1+4+24z=14 
(a) 2x --z-2=0 

(b) x=2-44y=0,2=2+21 
(a) 2x + 2y+z-4=0 


(b) x = 24,y=1+4 247 =2 


(b) V3sin 


+ ft 


3 ~ 0.935°C/ft 
3 — cos V3 ~ 1.87°C/sec 


ae ee Sas «Bhs 
. Vf = 3i + 2j — 4k 9. Vi a7it 5qJ 
-4 13.21/13 15.3 17.2 
1. 
u=-i+ j, OP», = 2;-u = 
Ji 4 . V2 
(D_uf)p, = ~V2 
1 5 1 
u= i j ke Oise = 3°V3; 
3V3 V3) 33 o 
t _ 1 
= i4 k, (Duf)p, = -3 
3V3 V3 33 ‘ 
1 
u= a+ jth, Dufle, = 2V3; 
V3 a 
: V3 


j 


(a) x+yt+z-1=0 (b) x=ty=1+4nz2=t 
.axw—-Zg-2=0 11. x-yt+2z-1=0 
~x=1y=1+24z=1 2t 
~_x=1 Qy= 1-5 +2 
~-x=1+4 90t,y = 1 —- 904,z = 3 

et a es 2 
. df = 11,830 ~ 0.0008 21. dg = 0 


25. 
27. 


29. 
31. 


33. 
37. 
39. 


41. 


43. 


45. 
47. 
49. 
51. 


53. 


(a) Lay) =1 (b) Lay) = 2x + 2-1 
(a) Lx, y) = 3x — 4y + 5 

(b) L(x, y) = 3x — dy + 5 

(a) Ly) =1+x (b) Ley) =-y + F 

(a) W(20, 25) = 11°F, W(30,—-10) = —39°F, W(5, 15) = 0°F 


(b) W(10, —40) ~ —65.5°F, W(50, —40) ~ —88°F, 
W(60, 30) ~ 10.2°F 
(c) L(v, T) ~ —0.36 (v — 25) + 1.337(T — 5) — 17.4088 
(d) i) L(24,6) ~ -15.7°F 
ii) L(27, 2) ~ —22.1°F 
iii) L(5,-10) ~ —30.2°F 
La, y) = 7+ x — 6y; 0.06 
L(x, y) = 1 + x; 0.0222 
(a) LQ, y,z) = 2x + 2y+2z-3 (b) Lawy,.d=ytz 
(c) La, y,z) = 0 


35. L(x, y) =x + y + 1; 0.08 


(a) Lay, =x (b) LO,y,2 = Re i ya 
(c) LO, y, Zz) = get Sy + & 

(a) L(y y,z)= 24+ x 

(b) Ly, =x-y-z : 1 

(ec) Lay,z2=x-yr-z 5 1 


L(x, y, Z) = 2x — 6y — 2z + 6, 0.0024 

L(x, y,z) =x + y — z— 1,0.00135 

Maximum error (estimate) =0.31 in magnitude 

Pay more attention to the smaller of the two dimensions. It will 
generate the larger partial derivative. 

fis most sensitive to a change in d. 


Section 14.7, pp. 855-857 


1. 
5. 
7. 


11. 


13. 


15. 
17. 


19. 
21. 
23. 
25. 
27. 


29. 


31. 
33. 
35. 


f(-3, 3) = —5, local minimum 3. f(—2, 1), saddle point 

3 17 
s(3 3) - => local maximum 
f(2, -1) = —6, local minimum 9. f(1, 2), saddle point 
s( 48, 0) = -*6 local maximum 

eicpl 22), = 100 

f(0, 0), saddle point; s( 3° 2) = 7° local maximum 
f(0, 0) = 0, local minimum; f(1,—1), saddle point 


FO, +5), saddle points; f(—2, —1) = 30, local maximum; 
f(2, 1) = —30, local minimum 

f(0, 0), saddle point; f(1, 1) = 2, f(—1,—-1) = 2, local maxima 
f(O, 0) = —1, local maximum 

f(n7, 0), saddle points, for every integer n 

f(2, 0) = e*, local minimum 

f(0, 0) = 0, local minimum; f(0, 2), saddle point 


1 - 1\_ : 
#3. 1) = in( 4) 3, local maximum 


Absolute maximum: | at (0, 0); absolute minimum: —5 at (1, 2) 
Absolute maximum: 4 at (0, 2); absolute minimum: 0 at (0, 0) 
Absolute maximum: 11 at (0, —3); absolute minimum: —10 at 
(4,-2) 


37. Absolute maximum: 4 at (2, 0); absolute minimum: 


(2-4). (94) (0-4). (19) 


39.a=-3,b=2 


a at 


41. Hottest is 24 at ( 


1° 1 
= 4 at (5 0), 
43. (a) f(0, 0), saddle point (b) f(1, 2), local minimum 
(c) f(1,—2), local minimum; f(—1, —2), saddle point 


1 S3) ana ( 1 V3 


> 5) ); coldest is 


1 1 355 9 6 3 
49. (55,383) 51. (2.82) 53. 3,3,3 55. 12 
57, 4.x 4x + 50, oft x 2ft x 1 ft 

V3 V3 V3 


61. (a) On the semicircle, max f = 2V2 att = a/4, min f = —2 
at t = 7. On the quarter circle, max f = 2V2 at t = a /4, 
min f = 2 att = 0, 7/2. 

(b) On the semicircle, max g = 2 att = 7/4, min g = —2 at 
t = 37/4. On the quarter circle, max g = 2 att = 7/4, 
min g = O att = 0, 7/2. 

(c) On the semicircle, max h = 8 at t = 0,7; minh = 4 
at t = 7/2. On the quarter circle, max h = 8 at t = 0, 
minh = 4att = 7/2. 

63. i) min f = —1/2 att = —1/2; no max 
ii) max f = 0 att = —1,0; min f = —1/2 att = —-1/2 
iii) max f = 4atr = 1;minf = Oatr=0 
20 9 


67. y= 13° 73° Viena = 


Section 14.8, pp. 864-866 


(+3) (44, 1) 3. 39 


7. (a) 8 (b) 64 

9, r=2cm,h =4cm 11. Length = 4V2, width = 3V2 
13. f(0, 0) = 0 is minimum; f(2, 4) = 20 is maximum. 

15. Lowest = 0°, highest = 125° 


71 
13 


5, (3,832) 


17, (3 2. ;) 19.1 21. (0,0, 2), (0, 0,—2) 


23. f(1,—-2,5) = 30 is maximum; a 2,—-5) = —30 is minimum. 


25.-3;3;.3 27. — ae y Fumi 


29. aa fie Tied 


33. U(8, 14) = $128 . 


37. f(2/3, 4/3, -4/3) = 5 
39. (2,4,4) 41. Maximum is 1 + 6V3 aleve 6, V3, 1); 
minimum is 1 — 63 at ( +V6,-V3, i}, 


43. Maximum is 4 at (0, 0, 2); minimum is 2 at ( +V2,+v2, 0). 
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Section 14.9, p. 870 
1. Quadratic: x + xy; cubic: x + xy + Say 
3. Quadratic: xy; cubic: xy 


5. Quadratic: y + § (2xy a 


cubic: y 4 + (2xy y*) 4 f (3x29 3xy? + 2y3) 
+ (2x2 + Qy?) = x? 
9. Quadratic: 1 + (x + y) + (&« + y); 


7. Quadratic: 


y?; cubic: x7 + y? 


cubic: 1+ w@t+y+@+y?+ at yp 


11. Quadratic: 1 — sx - sy E(x, y) = 0.00134 


Section 14.10, pp. 874-875 
1. (a) 0 (b) 14+2z (©) 1+ 2z 


au , w(V aU (nR\ , aU 
30 (8) ap u(x) i) au (a) " or 


ax\ or) _ xX 
5. (a) 5 (b) 5 7. (=) = cosé (#) ae ¥ 


Practice Exercises, pp. 876-879 
1. Domain: all points in the xy-plane; range: z = 0. Level curves 
are ellipses with major axis along the y-axis and minor axis along 
the x-axis. 


3. Domain: all (x, y) such that x # 0 and y ¥ 0; range: z # 0. 
Level curves are hyperbolas with the x- and y-axes as asymptotes. 


5. Domain: all points in xyz-space; range: all real numbers. Level 
surfaces are paraboloids of revolution with the z-axis as axis. 


fy, d=xr+y?-c=-1 
or 

2,.2 
zexty +1 


A-64 


7 


9 
17 


19. 


21 


23. 


25 


27. 


29 


31. 


33. 


35 


37 


39 


41 
43 
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. Domain: all (x, y, z) such that (x, y, z) # (0, 0, 0); range: positive 


real numbers. Level surfaces are spheres with center (0, 0, 0) and 
radius r > 0. 


2 11. 1/2 13. 1 15. Letty =ke’,k 471 
- No; lim(.5) (0,0) f(, y) does not exist. 
dg xe 1 98 ee 
ae cos 6 4 sin 6, =6 rsin@ + rcos@ 
of 1 Of Of 
* AR, R,2’ OR2 R,?’ OR3 R32 
OP _ RT OP _ nT OP _ nR OP nRT 
on V’OR V’oT V’aV y2 
ag dg 2% Og Ag 41 
. Ox? ? dy" ys oy ox Ox oy y? 
af 2-2 of arf _ of 
=—30x 4 ? = 0, = 7, =1 
ax2 (x2 + 1)?’ ay? dydx dx dy 
dw 
+e i 1 
a a 
"Vo. s=(r, 0) Slo, s)=(7, 0) 
df 
rr = —(sin!1 + cos2)(sinl) + (cos!l + cos2)(cos 1) 
t=1 
— 2(sin1l + cos 1)(sin2) 
d 
a 
*To,y)=(0.1) 
. Increases most rapidly in the direction u = — i = = i: 
decreases most rapidly in the direction —u = i + se j 
v2 v2 i v 
Daf 2°? Duf 2° Du, f 10 where uy, = |v 
Saf os Dae gd eG 0 
. Increases most rapidly in the direction u = zi ot a4 a ak; 
des ee: ee, Sas 0 
decreases most rapidly in the direction —u zi- aj 7 k; 
D,f = 7;Duf =—7;Dyf = 7 where u, = iI 
v 


.a/V2 
- (a) fC, 2) = f,(1,2) = 2 (b) 14/5 


45. 


47. 


49. 
51. 


53. 
55. 


57. 
59. 
61. 


63. 
67. 


69. 


71. 
73: 
75. 
77. 
79. 


81. 


83. 


85. 


‘ Vflo,-1,-1) =J-2k 


Tangent: 4x — y — 5z = 4; normal line: 
x=2+4ty=-1-t,z=1 St 
2y-z-2=0 


Tangent: x + y = a7 + 1; normal line: y= x-—a7+ 1 


y=-xt74+1 


2 y=x-T+1 


y=1+sinx 


> xX 


x=1-24y=1,2=1/2+ 2r 

Answers will depend on the upper bound used for 

ke fry|, fuyl- With M = es E| = 0.0142. With 
M = 1, |E| S 0.02. 
L@,y,2)=y—34,Ly.9=x+y-z-1 

Be more careful with the diameter. 

dI = 0.038, % change in J = 15.83%, more sensitive to voltage 
change 

(a) 5% 65. Local minimum of —8 at (—2, —2) 

Saddle point at (0, 0), f(0, 0) = 0; local maximum of 1/4 at 
(-1/2,-1/2) 

Saddle point at (0, 0), f(0, 0) = 0; local minimum of —4 at 
(0, 2); local maximum of 4 at (—2, 0); saddle point at (—2, 2), 
f(-2, 2) = 0 


> 


Absolute maximum: 28 at (0, 4); absolute minimum: —9/4 at 
(3/2, 0) 

Absolute maximum: 18 at (2, —2); absolute minimum: —17/4 at 
(-2, 1/2) 


Absolute maximum: 8 at (—2, 0); absolute minimum: —1 at (1, 0) 
Absolute maximum: 4 at (1, 0); absolute minimum: —4 at (0, —1) 
Absolute maximum: | at (0, +1) and (1, 0); absolute minimum: 
—1 at (-1, 0) 


Maximum: 5 at (0, 1); minimum: —1/3 at (0, —1/3) 
. 1 1 1 fog 
Maximum: V3 at (=. = +) minimum: — V3 at 
V3 V3 V3 
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ll. (a) OS x 53, Sy < 3x 
87. Maximum: 2 at (+. = v3) and (- aes. aa, -v3), y 
2 \v2? V2 V2 V2 (b) O=y=9,55x= Vy 
a 1 1 1 1 1 
minimum: = at ; v2) and (J.-45 v2) 13. (a) OS x 59,05 ys Vx 
2 ee fa 8 (b) OS y=3,rsx59 
Ow _ ow  sinddw dw _ .. dw _, cosédw 15. (a) OX x=In3,e*=< y= 1 
89. ax 6S 0 a r aQ” dy sin 0 at 5 2 i 
aan << — = = 
95. (t,-t = 4,4, t areal number (b) 3° > 1,-Iny =x = In3 
17. (a) OS x5 1x5 ys3-2x 
101. (a) (2y + x?z)e% (bd) ver(y — £) (c) (1 + x*y)e% - 3-y 
y (b) O<yS1L0sxsyU1sy=3,0s255—- 
Additional and Advanced Exercises, pp. 879-881 a 
1. f,(0, 0) = —1, f,,(0, 0) = 1 19. os + 2 21. 8In8 — l6+€e 
P_l1(o 2 2 _ V3abe y 
7.@ 5-5 + y? + 22) se _ 
_2 ~*,9 . 
17. fy) = 5 + 4, g(x,y) = 5) + 5 
19. y = 2In|sinx| + In2 
> x 
1 - i =a - ‘ 0 7 0 InIn8 
21. (a) —=(Qi + 7j) (b) (98i — 127j + 58k) 
V53 V 29,097 
23. w = € ©? sin rx 3, ¢-2 


d, 1) 


Chapter 15 


Section 15.1, pp. 886-887 

1.24 31 516 72im2-1 9 (3/2)5-e) 
11.3/2 13.In2 15.14 17.0 19. 1/2 
21.2In2 =. 23. (In2)2—_—s«-25. 8/3 27 1, V2. 


3 
31. 2/27 33. >In3 — 1 35. (a) 1/3 (b) 2/3 
/ 2 ie Ne 25. 5in2 27. —1/10 
Section 15.2, pp. 894-896 
1. 3. 29. 8 31. 27 
i s u= sect 
(-7/3,2) 4| \ (7/3, 2) 
| l > ?P 
—2 2 
v=p v=-—p 
4 
(—2, —2) (2, —2) 


>Xx 


M 
Mi 


el 


9. (a) OS x52,7n5ys8 
(b) 0O=y<=8,08xsy'P 
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y 
A 


e pl 9 p(Vv9-y)/2 57. 4/3 59. 625/12 61. 16 63. 20 65. 2(1 + In2) 
37. / / dx dy 39. | i) 16x dx dy 67. 
1 J Iny 0/70 se 


2 


79. R is the set of points (x, y) such that x7 + 2y? < 4, 

81. No, by Fubini’s Theorem, the two orders of integration must give 
the same result. 

85. 0.603 87. 0.233 


Section 15.3, p. 899 


2 p2—-x 1 -y? 9 
1. | / dydx =2 or 3. / f) dx dy =5 
0/0 -2J y-2 


2 p2-y 
r 
ie dx dy = 2 (1.0) 
0 Jo 1 
5 


i) 


53. 1/(807) 


y 


(In 2, 2) 


> x 


i 
2 


> x 


2 p3y 
aff ldxdy=4 or 

Ovy 

2 px 6 p2 

a) tava + ff ldydx =4 

0 ¥ x/3 2 J x/3 

_ 

» 


ysx y= ty 


11. 


so—_~ oo 


WS 


>X 


19. (a) 0  (b) 4/722. 8/3 23. w-2 
25. 40,000(1 — &2)In (7/2) ~ 43,329 
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Section 15.4, pp. 904-906 
7 = 3ar 


1.5 S0<20,05rs9 3.7 S057 ,0srs ccd 


5. 0= 0s 7,1 = rs 2V3 106 


G20s 7 lSrs 200 
Tr us 9 wT 
7. 7 TOS 57,0 57s 20088 a) 


W.270)= 13.36) 15.2- V3) 17. 1 —In2)7 
2(1+ V2) 
3 


19. (2In2— 1)(m/2) 21. 
23. 


I y=\l-xXorx=\1-y? 


27. a7 —2) 29. 127 31. Br /8) +1 33. 


2a 4 5a 
38.5 (37. 2n(2- Ve) 39. + 
41. (a) ve 1 @iarm4no 46. SG? 427) 
8 
47. © (3m ~ 4) 


Section 15.5, pp. 912-915 
1. 1/6 


1 p2—2x p3—3x—3y/2 2 pl—y/2 p3—3x—3y/2 
3s i | / dz dy dx, / | | dz dx dy, 
0/70 (0) 0/70 0 
1 p3—-3x p2—2x—22/3 3 pl—2/3 p2—-2x—2z/3 
7 | | dy dz dx, | | | dy dx dz, 
0/70 0 0/70 0 
2 p3—-3y/2 pl—y/2—-z/3 3 p2—22/3 pl—y/2—-z/3 
| | | dx dz wf | i] dx dy dz. 
0/70 0 0/70 0 


The value of all six integrals is 1. 
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8—x2-y? 8—x? 
s/f - Tf tdcacay, ff see ah ike: 
V4=?S x ty? 


2 p8-y?_ pV8-z-y? Vi-y? 
Lf has rest LS La! 1 dx dz dy, 
~9, V8—z—-y? xy ey fet V2—-y2 ye 


8—x V8-z-x2 Vi-x? 
ry a gues fff 1 dy dz dx, 
V8—z-x? 2d x2 J 2-3? 
V8-z-x? 
If. “lf tdvacae+ ff [ Vaya de 
V8 -V/8—7-x2 


The value of all six integrals is 1677. 


5(2 — V3) 


7.1 9. 6 1 13. 18 


15.7/6 17.0 19. 


1 pl-x pl—z 1 pV1—-z pl—z 
. (a) / | / dydzdx_ (b) | / / dy dx dz 
-170 x 0 J-Vi-zd 2 
1 pl—-z pVy 1 pl-y pVy 
(c) | | i: dx dy dz (d) | / dx dz dy 
0/0 -Vy 
(e) J 7 Ke dz dx dy 


23. 2/ 25. 20/3 27. 1 29. 16/3 


33. 2 35. 4a 37. 31/3 39. 1 

43. 4 45. a = 3 ora = 13/3 

47. The domain is the set of all points (x, y, z) such that 
4x? + 4y* +2 <4, 


2 


mo 


41, top = 


3 
41. 2sin4 


Section 15.6, pp. 920-922 


1. % = 5/14,y = 38/35 3. ¥ = 64/35, y = 5/7 
5.%¥=y=4a/Gr) 7. 1, =1,=40,h = 80 
9.X=-1Fy=1/4 LL. 1 = 64/105 
13.%=3/8,7=17/16 15. x= 11/3, = 14/27, 1, = 432 
17. ¥ = 0,y = 13/31, 1, = 7/5 
19.4 = Oy = 7/ 10-2, = 9/ 10,1, = 3/10, h = 6/5 


21. I, Mees t 2), = Ba +B) 


Be 

= y =0,Z = 12/5, I, = 7904/105 ~ 75.28, 
I, = 4832/63 ~ 76.70, I, = 256/45 ~ 5.69 
25, (a) T= 7 =0,2= 8/3 (b) c= 2V2 


27. I, = 1386 

29. (a) 4/3 (b) ¥ = 4/5,y =Z= 2/5 

sa 5/s Oe yerHsi WL =L=L= 11/6 
33. 3 


abc(a* + b?) 24 Rp 
37. (a) J c.m. = 12 > Rom, = - 12 
abc(a? + 7b?) 2 + Tb? 
153 ey 


Section 15.7, pp. 930-934 


4n(V2-1 
i a 3.02 5. 7(6V2-8) 7.9% 


9. 7/3 


a 
Ir pl pV4—-P 
11. (a) | | r dz dr do 
0 JoJo 
27 pV3 pl 27 p2 V4—22 
w | | | rardcao + [ i: ; r dr dz d0 
0 JO 0 0 JV3/0 
1 pV4—P pdr 
(c) J i ji r d0 dz dr 


m/2 poos0 p3r 
13. / a f(r, 9, z) dzr dr dé 


1/2 


m7 p2sin@ p4—rsiné 
15. / | | f(r, 9, z) dzr dr dé 
0 0 0 
m/2 plt+cos@ 
17. / | [ f(r, 9, z) dz r dr do 
1/2 
7/4 psecO p2—rsind 
19, | | | f(r, 9, 2) dz r dr dé 21. 7 
0 0 0 


29, (=), 
2a pr/6 p2 
31. (a) j | p? sin @ dp dé do + 
2a pr/2 pesch 
| i i p’ sin b dp dd do 
7/| 0 
Qa sin (1/p) 
w | a p’ sin ¢ dd dp do + 
0 1 J 7/6 
2r p2 po/6 
/ I] p? sin @ dd dp do + 
0 0/70 
2a pl pa/2 
| | / p’ sin @ do dp do 
0 JoJx/6 
2a pr/2 p2 31 
23. | i; / p? sin b dp db do = =" 
0 0 cos 
2a pw pl—cosd 8 
as. | [| p? sin b dp db do = = 
27 pr/2 p2cosh 
x. | [, / p? sin b dp db do = = 
7/4 J0 
m/2 po/2 p2 
39. (a) s/ i | p’ sin d dp do do 
0 0 0 
m/2 p2 pV4—r2 
(b) s/ i) / r dz dr d0 
0 0/70 
(c) 8 i | | dz dy dx 
0/70 0 


23. 7/3 25. 5a 27, 27 


41. 


43. 


51. 


59. 
67. 


71. 


77. 


81. 


85. 


Section 15.8, pp. 942-944 
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cosu— —usinu 6 = 
=ucos'u+usin-v=u 


In pr/3 p2 
(a) i 7 i) p’ sin d dp dd dé 21. (a) 
0 0 sec 


sinv u COS UV 


a er (b) me Ot 2. —u sin? v — ucos? v = —u 
(b) | | | r dz dr do cosuv.— —usinu 
3 
Vax? 27. 3 In2 
(c) i va, | dzdydx (d) 57/3 ; ; 
V3) V3—2 Practice Exercises, pp. 944-946 
87/3 45.9/4 47. = 4 49. ne m ose ? ae2y7 
4(2V2 - 1)a 10h (1/10, 10) 
57/3 53. 7/2 55. -———_ 57. 167 
4n(8 — 3V3) 
5a /2 61. a 63. 2/3 65. 3/4 
¥=y= 0,7 = 3/8 69. (x, ¥, Z) = (0, 0, 3/8) 
Se ee _ atha , 
x=y=0,z7 = 5/6 73. 1, = 7/4 75. aia 
= 4 7 0 p4-x2 3 p(1/2)V9—2 
a) @&Y,2=(0,0,e),4 = 
ees ( “ 2 s. | / eee: yd y dy de = 3 
5 2) 2x+4 3 3/0 
(b) (, y, 2) = (0 0, 3). = 74 
3M. 
7R?> 
The surface’s equation r = f(z) tells us that the point (r, 0, z) = 


(f(z), 9, z) will lie on the surface for all 6. In particular, 
(f(z), 8 + 7, z) lies on the surface whenever (f(z), 8, z) lies on 
the surface, so the surface is symmetric with respect to the z-axis. 


(f2) 6,2) 9% sind 11, mi 13.4/3 15.4/3 17. 1/4 
(f(z), 8 + 7, z) aTr—-2 
1%. 21. 77 23.0 25.8/35 27. 1/2 
31-37" 
29. La 


V4—x2=y? 
31. (a) is fe Sl. 3 dz dx dy 
Vad /2=y? Vierty? 


2a p7/4 
w | ‘| [sorsnsaeaoe (c) 27(8 - 4V2) 
0 0 0 


+u v— 2u 1 Ir pt/4 psech 
1. (a) x= Z Jy : 
_ ar me 23. | ‘i | p> sin d dp dé do = © 
(b) Triangular region with boundaries u = 0, v = O, and 0 Jo 0 
ut+v=3 ay 
ai | é ail 35. ca | 2 xy dz dy dx 
3. (a) x 5 (Qu — v),y 10 (3v — u); 10 Vz 
(b) Triangular region with boundaries 3v = u, v = 2u, and Va-x?-y? 
3u+ v= 10 . [ _! 2 xy dz dy dx 
52 V2 - /2 - 
7. 64/5 (u + v)  dudv = 8 + ~In2 87(4V/2 — 5) 8(4V2 — 5) 
/ | [ 3 37. (a) 3 (b) 3 
mab(a* + b*) 1 3 87r8(b° — a’) 
11. ane Ta 13. 3 1+ 2 = 0.4687 39. L = is 
6.25 47 1 9, HH 41.%=7=-—— 43.h=104 45, 1, =28 
. 16 < Ne 6 2—1n4 * 40 x 
 3V3 
47. M = 4, M, = 0, M, = 0 49. x =, y = 0 
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_ Sr +32 __ 
SLi se 7 ag 20 


(b) 2 


r=1+cosé 


Additional and Advanced Exercises, pp. 947-948 


2 p6—x? 2 p6—x? px? 
1. (a) / / dy dx (b) / / / tad 
—3U x —3U x 0 


(c) 125/4 
3. 27 5. 37/2 
7. (a) Hole radius = 1, sphere radius = 2 (b) 4V 30 


17. Mass = a?cos! (2) — bVa — Bb’, 


19. “( - 1 21.0)1 (0 


25. h= V20in.,h = V60in. 27. 2a 5 = (5) a 


Chapter 16 


Section 16.1, pp. 955-957 
1. Graph (c) 3. Graph (g) 


9 V2 11. e 13. 3V/14 


5. Graph (d) 7. Graph (f) 
18, £(5V5 + 9) 


17. V3 In (2) 19. (a) 4V5_ (b) sure — 1) 


IS (16 _ 64 I 3/2 _ 1233/2 
2 glee) 28. 40 = 13°) 
25, 2 (52+7V2-1) 27, ieee 29. 8 
31) £(1797 -1) 332V2-1 
35. (a) 4V2-—2 (b) V2+In(1+ V2) 37. L = 27803 


39. (a) I, = 20V25 (b) I, = 40-28 


Section 16.2, pp. 967-969 
1. Vf = Gi + yj + zk)? + y? + 2)? 


2, 
3. Ve (% si (= = Si + ok 
Xe ae Vo Kesey’ 


kx . ‘ 
(x2 4+ yp" (x? ze ypey 
7. (a) 9/2 (b) 13/3 (©) 9/2 
9. (a) 1/3 (b) -1/5 (©) 0 


41. I, = 20-2 


5. F = 


anyk > 0 


11. (a) 2. (b) 3/2 (ce) 1/2 
13. —15/2 15. 36 17. (a) —5/6 (b) 0 (ce) -7/12 
19. 1/2 21. -—7 23. 69/4 25. —39/2 27. 25/6 
29. (a) Circ, = 0, circ, = 27, flux, = 27, flux, = 0 

(b) Circ, = 0, circ, = 87, flux, = 877, flux, = 0 
31. Circ = 0, flux = a’a 33. Cire = a’z, flux = 0 


35. (a) -—= (b)0 (©) 1 37. (a) 32. (b) 32 (ce) 32 


2 
39. y 
A 


41. (a) G=-yit+aj (b+) G=Vxr4+y'F 


xit yj 1 
43. F = -——— 47. 48 49. 7 51. 0 53. 5 

Ve + y 2 
Section 16.3, pp. 978-980 


1. Conservative 3. Not conservative 5. Not conservative 


7.f%y,2 =x +5 4+274+C 


9. f(x, yz) = xP t= + C 


11. f(x, y,z) = xInx — x + tan(x+ y) 4 Pin (y2 + 72) + C 
13. 49 15. —16 17. 1 19. 9In2 21. 0 23. —3 


r- 1 
27, F = v( ) 29. (a) 1 (b) 1 (©) 1 


y 


31. (a) 2. (b) 2 33. (a) c= b=2a (b) c= D=2 

35. It does not matter what path you use. The work will be the same 
on any path because the field is conservative. 

37. The force F is conservative because all partial derivatives of M, 
N, and P are zero. f(x, y,z) = ax + by + cz + CA = 
(xa, ya, za) and B = (xb, yb, zb). Therefore, /F dr = 
f(B) — f(A) = atxb — xa) + b(yb — ya) + c(zb — za) = 
F- AB. 


Section 16.4, pp. 990-992 

1. Flux = 0, cire = 27a? 3. Flux = —7ra’, circ = 0 

5. Flux = 2, circ = 0 7. Flux = —9, circ = 9 

9. Flux = —11/60, cire = —7/60 

11. Flux = 64/9, circ = 0 13. Flux = 1/2, cire = 1/2 

15. Flux = 1/5, cire = —1/12 17. 0 19. 2/33 21. 0 
23. — 16a 25. a? 27. 37/8 
29. (a) 0 if C is traversed counterclockwise 

(b) (h — k)(area of the region) 39. (a) 0 


2 


Section 16.5, pp. 1001-1003 

1. r(r, 0) = (rcos 6)i + (rsin @)j + ’k,0 <r S 2, 
0s0827 

3. r(r, 0) = (rcos 6)i + (r sin —)j + (r/2)k,0 = r S 6, 
0s0s7/2 

5. r(r, 0) = (rcos 6)i + (rsind)j + V9 — r’k, 
a 3V2/2, 0 < 0 S 27m; Also: 
r(¢, 9) = (Bsindcos di + (3 sing sin Aj + 
BcosPk,0= 65 7/4,0505 27 


7. r(f, 0) = (V3 sin d cos 6)i + (V3 sind sin @)j + 
(V3 cos $)k, 7/3 < $ < 27/3, 0 <0 < 27 
9. r(x, y) = xi + yf + (4-yDk,0 Sx 52,-25ys2 
11. r(u, v) = ui + Gcos v)j + Bsinv)k,0 Su S 3, 
Os vs 20 
13. (a) r(r, 0) = 
0s57r53,050527 
(b) r(u, v) = (1 — ucosv — usinv)i + (ucos v)j + 
(usinv)k,O Su S3,0 Sv 27 
15. r(u, v) = (4 cos? v)i + uj + (4 cos v sin v)k, 0 < u S 3, 
—(7/2) = v S (a /2); Another way: r(u, v) = (2 + 2 cos v)i 
+uj+ Qsnvkk,OSuS=3,05 v5 27 


Qa 1 
ir. [ [ Grea - 28 


Qa Qa 
vv. | [ w5arao = sav u. [ [aude = 6 


a 5V5 — 1) 
23. | [. V4u? + 1 lade OY 


T 


Qa 
25. | a 2 sin $ db do = (4 + 2V2)m 
0 1/4 


27. 29. 


x + (y—-3P =9 


VBx+y=9 


33. (b) A = / : [ a°b? sin? d cos’ & + b*c? cos* cos? 6 + 
o Jo 


ac? cos* ¢ sin? 6 ]'/? db dé 
35. xox + yoy = 25 37. 13/3 39. 4 
41.6V6-2V2 43. rVc? +1 
45. E(17V17— 5V5) 47. 3 + 21n2 


7 
49. £(13V13 — 1) 
Section 16.6, pp. 1012-1014 
3 p2 s 
Ly Jf =f | uV 4ue + I dudy = 071 
0 Jo 
5 


3. J[ive-] / iwaeedod =" 
0 Jo 3 
5 
L pl 
s. ff cdo= ff a -u- wV3dvdu = 3V3 
o Jo 
8 


(for x = u,y = v) 


51. 5aV2 53. 2(5V5 - 1) 


(r cos 0)i + (r sin #)j + C1 — rcos @ — rsin @)k, 
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1 p20 
1. ff evs=ao = ff w cos? v+ V4u? + 1+ 
o Jo 
$ 


1 Qa 
uV 4ue + 1 dudu = ) | w(4ue + 1) cos? v du du = az 
0 Jo 


9. 9a? 11. we (ap + ac + be) 13. 2 


Ta? 


15. 3o(V2 + 6V6) 17. V6/30 19. -32, 2. 

23. 13a'/6 25. 2/3 27. —7377/6 29:18 
Ta a Ta? 
31. — 33. a 35. a 37... =32; 39, —4 
4 aaa 
41. 3a 43. ($ ? ‘) 
45. 5D = (0 0, 1) _ ismV2, 
9 z 2 

47. (a) aa ad (b) = a‘d 
Section 16.7, pp. 1025-1026 
1. 4a 3. —5/6 5. 0 7. —67 9. 2ma? 
1b Be 13. 127 15. —7/4 17. —157 19. —87 
27. 161, + 16), 
Section 16.8, pp. 1037-1039 

1. 0 3. 0 5, =—16 7. —81 9. 37 11. —40/3 


13.127 15. 120(4V2-—1) 19. No 
21. The integral’s value never exceeds the surface area of S. 
23. 184/35 


Practice Exercises, pp. 1040-1042 
1. Path 1: 2/3; path2:1+3V2 3.42 5.0 


7. 87sin(l) 90 IL rV3 
1 abc | 1 1 1 

13. 27| 1 — —= 15. + + 17. 50 
nf a 2Vae be 

19. a 0) = 5 igi cos 0™)i + (6 sin ¢ sin 0=)j + (6 cos )k, 
i ro) =>,0560527 

21. a 0) = fe cos #™)i + (rsiné#—)j + 1 + nk,0 =r S 2, 
050527 

23. r(u, v) = (ucos v)i + 27j + (usin v)k,0 <u = 1, 
OsvsT 

25. V6 27. a| V2 + In(1 + V2) | 29. Conservative 


31. Not conservative 33. f(x,y,z) =y? tyz+ 2x +z 
35. Path 1: 2; path 2: 8/3 37. (a) 1-—e°7 (b) 1 —e 77 
39.0 41. (a) 4V2-2 (b) V2+In(1 + V2) 


43. @.5.D = (1 16 2) 232 , _ 64 , _ 56 


*15°3 45° 15° 9 
45.Z= 5.1, = = 47. (x, ¥,2) = (0,0, 49/12), I, = 6407 


49, Flux: 3/2; circ: -1/2 53. 3 55. aT (4 = 8V2) 
57. 0 59. 7 
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Additional and Advanced Exercises, pp. 1042-1044 
1. 677 3. 2/3 
5. (a) F(x, y, z) = zi + xj + yk 
(b) F(x, y,z) = zit yk (ce) F(a, y,z) = ai 
167R? 
“ 3 
11. (b) we 


(c) Work = ( evas) ¥ = ef ord = we 
c c 


13, () Faw 


9. a = 2,b = 1. The minimum flux is —4. 


19. False if F = yi + xj 


Appendices 


Appendix 1, p. AP-6 
1. 0.1, 0.2, 0.3, 0.8, 0.9 or 1 


3.92 5x5 -} 
—_ =e — —- 
7. 3,-3.9. 7/6, 25/6 
ll. -2=r=4 13.0 =z= 10 
=o. 4 ‘ 0 10 = 


. (—0O, —2] U [2, 00) 


———.—_———-oo" 5 


. (-00,-3] U [1, 0%) 


—_——_—_e__o—"""_r 


-2 2 =3 1 

19. (—3, —2) U (2, 3) 21. (0, 1) 23. (—0o, 1] 

27. The graph of |x| + |y| < 1 is the interior and boundary of the 
“diamond-shaped” region. 


Appendix 3, pp. AP-17-AP-18 
1. 2,-4; —2V5 3. Unit circle 


7. (a) x=—1 (b) y= 4/3 


I. y= 3x46 


9 y=-x 


15. y=-2+1 


13. y=4x+4 5) 


17. x-intercept = V3, y-intercept = -V2 


19. (3,—3) 
2. P+ (y- 22 =4 


y 
(0, 4) 


25. x2 + (y — 3/2)? = 25/4 27. 


(0, —5) 


31. Exterior points of a circle of radius /7, centered at the origin 

33. The washer between the circles x7 + y? = 1 and x? + y? =4 
(points with distance from the origin between 1 and 2) 

35. (x + 27? +Q- 1% <6 


(5%) Ce %) 


mtd). Ge 


41. (a) ~ —2.5 degrees /inch 
(c) ~ —8.3 degrees /inch 


(b) ~ —16.1 degrees /inch 
43. 5.97 atm 


45. Yes: C = F = —40° 


= 5(F- 
C= 5F — 32) 


“40, 40) OF 


51. k=-8, k= 1/2 


Appendix 7, pp. AP-34—AP-35 
1. (a) (14,8) (b) (—1,8) (© (,—5) 
3. (a) By reflecting z across the real axis 
(b) By reflecting z across the imaginary axis 
(c) By reflecting z across the real axis and then multiplying the 
length of the vector by 1/|z|? 
5. (a) Points on the circle x* + y? = 4 
(b) Points inside the circle x7 + y? = 4 
(c) Points outside the circle x7 + y? = 4 
7. Points on a circle of radius 1, center (—1, 0) 
9. Points on the line y = —x HW. 4271/3 


15. cos*@ — 6cos*@sin?6 + sin*6 


71-243; 49, %-V3-i4V9-3 


2) id 


= + M2 ms + M2; 23. 1 + V3i,-1 + V3i 


13. 1¢?7'/3 


21. 


Appendices: Answers to Odd-Numbered Exercises 
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Index 


a, logarithms with base, 426-427 
Abscissa, AP-10 
Absolute change, 210 
Absolute convergence, 604-605 
Absolute Convergence Test, 605 
Absolute extrema, finding, 227-228 
Absolute (global) maximum, 223-225, 852-854 
Absolute (global) minimum, 223-225, 852-854 
Absolute value 
definition of, AP-4—AP-6, AP-30 
properties of, AP-5 
Absolute value function 
derivative of, 167 
as piecewise-defined function, 5 
Acceleration 
definition of, 148 
derivative of (jerk), 148, 149 
as derivative of velocity, 148, 149-150 
in free fall, 150 
free fall and, 149 
normal component of, 778-783 
in polar coordinates, 784-787 
in space, 755 
tangential component of, 778-783 
velocity and position from, 235 
Addition 
of functions, 14-15 
of vectors, 711-712 
Addition formulas, trigonometric, 25 
Additivity 
double integrals and, 892 
line integrals and, 952-953 
Additivity Rule, for definite integrals, 320 
Albert of Saxony, 600 
Algebra, Fundamental Theorem of, AP-34 
Algebra operations, vector, 711-713 
Algebra rules 
for finite sums, 311 
for gradients, 836 
for natural logarithm, 45 
Algebra systems, computer. See Computer 
algebra systems (CAS) 
Algebraic functions, 10 
Alternating series 
definition of, 610-611 
harmonic, 610-612, 624 
Alternating Series Estimation Theorem, 612, 635 
Alternating Series Test, 611 
Angle convention, 22 


Angle of elevation, 762 
Angle of inclination, AP-11 
Angles 
direction, 724 
between planes, 738 
in standard position, 22 
in trigonometric functions, 21-22 
between vectors, 718-720 
Angular velocity of rotation, 1021 
Antiderivative linearity rules, 283 
Antiderivatives 
definition of, 281 
difference rule, 283 
finding, 281-283 
and indefinite integrals, 285-286 
motion and, 284—285 
of vector function, 759 
Antidifferentiation, 281 
Applied optimization 
of area of rectangle, 266 
examples from economics, 268-270 
examples from mathematics and physics, 
266-268 
solving problems, 264 
using least material, 265-266 
volume of can, 265 
Approximations 
differential, error in, 208-209 
by differentials, 203 
error analysis of, 498-501 
linear, error formula for, 843, 868 
Newton’s Method for roots, 276-278 
for roots and powers, 205 
by Simpson’s Rule, 498-501 
standard linear, 203, 842 
tangent line, 203, 842 
by Taylor polynomials, 628 
trapezoidal, 495-496 
by Trapezoidal Rule, 498-501 
using parabolas, 496-498 
Arbitrary constant, 281 
Arc length 
along curve in space, 768-770 
differential formula for, 387-388 
discontinuities in dy/dx, 386-387 
of a function, 387, 770 
length of a curve y = f(x), 384-386 
and line integrals, 950-951 
Arc length differential, 557-558 


Arc length formula, 386-387, 664, 769 
Arc length parameter, 769 
Arccosine function 
defining, 48-50 
identities involving, 50-51 
Archimedes’ area formula, 337 
Arcsecant, 187 
Arcsine function 
defining, 48-50 
identities involving, 50-51 
Arctangent, 187-188, 641-642 
Area 
of bounded regions in plane, 896-898 
cross-sectional, 365, 366 
under curve or graph, 322 
between curves, 349-351 
as definite integral, 299 
definition of, 323 
by double integration, 896-899 
enclosed by astroid, 662-663 
and estimating with finite sums, 299-307 
finite approximations for, 301 
under graph of nonnegative function, 306 
by Green’s Theorem, 991 
infinite, 505 
of parallelogram, 727, 995 
in polar coordinates, 902 
of smooth surface, 995 
surfaces and, 391, 668-669, 992-1000 
of surfaces of revolution, 390-393, 668-669 
total, 300, 334-336 
Area differential, 680 
Argand diagrams, AP-30 
Argument, AP-30 
Arithmetic mean, 238, 429, 866 
Arrow diagram for a function, 2 
Associative laws, AP-24 
Astroid 
area enclosed by, 662-663 
centroid and, 667 
length of, 665 
Asymptotes 
of graphs, 104-115 
in graphs of rational functions, 9 
horizontal, 104, 106-109, 112-113 
of hyperbolas, 688 
oblique or slant, 109 
vertical, 104, 112-113 
vertical, integrands with, 507-509 


|-2 Index 


Average rates of change, 61, 63 
Average speed 

definition of, 59 

moving bodies and, 59-61 

over short time intervals, 60 
Average value 

of continuous functions, 323-324 


of multivariable functions, 898-899, 911-912 


of nonnegative continuous functions, 
305-306 
Average velocity, 147 
at 
definition of, 37, 425 
derivative of, 140, 180-182, 427-428 
integral of, 427-428 
inverse equations for, 427 
laws of exponents, 425 
Axis(es) 
coordinate, AP-10 
of ellipse, 685 
moments of inertia about, 954, 1010 
of parabola, 684, AP-15 
slicing and rotation about, volumes by, 
365-372 
spin around, 980-983 


Base, a 
of cylinder, 365 


of exponential function, 36, 140, 425-426 


logarithms with, 181-182, 426-427 
Base a 
logarithmic functions with, 44-45 
Bernoulli, Daniel, 224 
Bernoulli, Johann, 166, 255 
Binomial series, 638-640 
Binormal vector, 783 
Birkhoff, George David, 342 
Bolzano, Bernard, 148 
Boundary points 


finding absolute maximum and minimum 


values, 852 
for regions in plane, 795 
for regions in space, 797 
Bounded functions, 121—122 
Bounded intervals, 6 
Bounded regions 


absolute maxima and minima on, 852-854 


areas of, in plane, 896-898 
definition of, 795 
Bounded sequences, 579-581 
Box product, 729-730 
Brachistochrones, 657-658 
Branch diagram(s), for multivariable Chain 
rules, 823, 824, 825, 826 
Branching of blood vessels, 298 


Cable, hanging, 11, 446-447 
Calculators 
to estimate limits, 71-72 
graphing with, 29-34 
Cantor set, 593 
Carbon-14 decay, 435 
Cardiac index, 878 
Cardioid 
definition of, 677 
graphing of, 680 
length of, 681-682 


in polar coordinates, area enclosed by, 680 


Cartesian coordinate systems, 704-707 
Cartesian coordinates 
conversion to/from polar coordinates, 
902-904 
in plane, AP-10 
related to cylindrical and spherical coordi- 
nates, 927 
related to cylindrical coordinates, 923 
related to polar coordinates, 671-674 
three-dimensional. See Three—dimensional 
coordinate systems 
triple integrals in, 906-912 
Cartesian integrals, changing into polar inte- 
grals, 902-904 
CAS. See Computer algebra systems 
CAST rule, 23 
Catenary, 11, 447 
Cauchy, Augustin-Louis, 260 
Cauchy’s Mean Value Theorem, 260-261 
Cavalieri, Bonaventura, 367 
Cavalieri’s principle, 367 
Center of curvature, for plane curves, 775 
Center of linear approximation, 203 
Center of mass 
centroid, 410-411 
coordinates of, 406, 954, 1010 
definition of, 405 
moments and, 404-413, 915-920 
of solid, 916 
of thin flat plate, 406-409 
of thin shell, 1011-1012 
of wire or spring, 954 
Centroids, 410-411, 916-917 
Chain Rule 
and curvature function, 774 
derivation of Second Derivative Test and, 
867 
derivatives of composite function, 163-168 
derivatives of exponential functions, 181, 
182, 425, 426 
derivatives of inverse functions, 179 
derivatives of inverse trigonometric functions, 
189 
for differentiable parametrized curves, 661 
and directional derivatives, 833 
for functions of three variables, 824-825 
for functions of two variables, 821-823 
for implicit differentiation, 826, 998 
for inverse hyperbolic functions, 444 
and motion in polar coordinates, 785 
“outside-inside” rule and, 165, 837 
for partial derivatives, 821-828 
for paths, 837 
with powers of function, 166-168 
proof of, 164-165, 209 
related rates equations, 194, 195 
repeated use of, 165-166 
Substitution Rule and, 339-345 
for two independent variables and three 
intermediate variables, 824-825 
for vector functions, 756, 757 
Change 
of base in a logarithm, 181, 426-427 
estimating, in special direction, 841-842 
exponential, 430-431 
rates of, 59-64, 124-125, 146-152 
sensitivity to, 152, 210-211 
Charge, electrical, 1034 


Circle of curvature, for plane curves, 775-776 


Circles 

length of, 664 

osculating, 775 

in plane, AP-13—AP-15 

polar equation for, 697 

standard Cartesian equation for, AP-14 
Circulation, flux versus, 965 
Circulation density, 980-983 
Circulation for velocity fields, 964-965 
Cissoid of Diocles, 175 
Clairaut, Alexis, 816 
Clairaut’s Theorem, 816 
Closed curve, 965 
Closed region, 795, 797 
Cobb-Douglas production function, 865 
Coefficients 

binomial, 639 


determination for partial fractions, 486-487 


of polynomial, 8-9 
of power series, 617 
undetermined, 487 
Combining functions, 14-21 
Combining series, 589-590 
Common functions, 7-11 
Common logarithm function, 45 
Commutativity laws, AP-24 
Comparison tests 
for convergence of improper integrals, 
510-512 
for convergence of series, 600-603 
Complete ordered field, AP-24 
Completeness property of real numbers, 38, 
AP-23 
Completing the square, AP-14—AP-15 
Complex conjugate, AP-29 
Complex numbers 
definition of, AP-26 
development of, AP-26—AP-30 
division of, AP-31—32 
Euler’s formula and, AP-30—AP-31 
Fundamental Theorem of Algebra and, 
AP-34 
imaginary part of, AP-26 
multiplication of, AP-31 
operations on, AP-31—AP-33 
powers of, AP-32 
real part of, AP-26 
roots of, AP-32—AP-33 
Component equation, for plane, 735 
Component form of vectors, 709-711 
Component functions, 751, 957 


Component (scalar) of u in direction of v, 722 


Component test 

for conservative fields, 974, 976 

for exact differential form, 977 
Composite functions 

continuity of, 97-99, 807 

definition of, 15 

derivative of, 163-168, 756 
Compressing a graph, 16 
Compression of a gas, uniform, 982-983 
Computational formulas, for torsion, 780 
Computer algebra systems (CAS) 


in evaluation of improper integrals, 509-510 


integral tables and, 489-490 
integrate command, 591 
integration with, 491-492 


Computer graphing 

of functions, 29-34 

of functions of two variables, 798 
Computers, to estimate limits, 71-72 
Concave down graph, 244 
Concave up graph, 244, 245 
Concavity 

curve sketching and, 244-252 

second derivative test for, 245 
Conditional convergence, 613 
Cones 

elliptical, 741, 743 

parametrization of, 993 

surface area of, 996 
Conics 

in Cartesian coordinates, 683-689 

defined, 683, 684, 685, 687 

eccentricity of, 692-694 

in polar coordinates, 692-697 

polar equations of, 694-696 
Connected region, 971 
Connectedness, 99 
Conservation 

of angular momentum, 791 

of mass, 1039 
Conservative fields 

component test for, 974, 976 

finding potentials for, 974-977 

as gradient fields, 972 

line integrals in, 976 

loop property of, 973 

and Stokes’ theorem, 1024—1025 
Constant 

arbitrary, 281 

nonzero, 283 

rate, 431 

spring, 396 
Constant force, work done by, 395, 723 
Constant Function Rule, 756 
Constant functions 

definition of, 7, 67 

derivative of, 136 
Constant Multiple Rules 

for antiderivatives, 283, 286 

for combining series, 589 

for derivatives, 137-138 

for finite sums, 311 

for gradients, 836 

for integrals, 320, 892 

for limits, 69 


for limits of functions of two variables, 803 


for limits of sequences, 576 
Constant Value Rule for finite sums, 311 
Constrained maximum, 857-860 
Constrained minimum, 857—860 
Construction of reals, AP-25—AP-26 
Continuity. See also Discontinuity 

On (over) an interval, 96 

of composites, 807 

differentiability and, 132, 818 

of function at a point, 93-96 

at interior point, 94 

of inverse functions, 97 

at left endpoint, 94 

limits and, 59-122 

for multivariable functions, 805-807 

partial derivatives and, 815 

of vector functions, 752-753 


Continuity equation of hydrodynamics, 
1035-1036 
Continuity Test, 95 
Continuous extension, 101—102 
Continuous function theorem for sequences, 577 
Continuous functions 
absolute extrema of, 227-228, 807 
average value of, 323-324, 898-899, 911 
composite of, 97-99 
definition of, 96-97, 753 
differentiability and, 132 
extreme values of, on closed bounded sets, 
224, 807 
integrability of, 318 
Intermediate Value Theorem for, 99-100, 
267-268 
limits of, 93-96, 98 
nonnegative, average value of, 305-306 
at a point, 805 
properties of, 96 
Continuous vector field, 957 
Contour curve, 796 
Convergence 
absolute, 604-605 
conditional, 613 
definition of, 317 
of improper integrals, 505, 507 
interval of, 621 
of power series, 617-620 
radius of, 620-621 
of Riemann sums, 317 
of sequence, 573-575 
of series 
geometric, 586 
Integral Test, 593-598 
power, 617-620 
of Taylor Series, 631-637 
tests for, 510-512, 614 
Convergence Theorem for Power Series, 619 
Coordinate axes 
definition of, AP-10 
moments of inertia about, 954, 1010 
Coordinate conversion formulas, 930 
Coordinate frame 
left-handed, 704 
right-handed, 704 
Coordinate pair, AP-10 
Coordinate planes 
definition of, 704 
first moments about, 954, 1010 
Coordinate systems, three-dimensional. See 
Three—dimensional coordinate systems 
Coordinates 
of center of mass, 406, 954, 1010 
polar, integrals in, 900-901 
xyz, line integrals and, 961 
Coplanar vectors, 713 
Corner, 131 
Cosecant, 22 
Cosecant function 
extended definition of, 22 
integral of, 344 
inverse of, 49, 187, 191 
Cosine(s) 
direction, 724 
extended definition of, 22 
integrals of products of, 473-474 
integrals of products of powers of, 470-471 


Index 


law of, 25-26, 719 
of angle between vectors, 718 
values of, 23 


Cosine function 


derivative of, 157-158 
graph of, 10 

integral of, 470 
inverse of, 49, 191 


Costs 


fixed, 151 
marginal, 151, 268 
variable, 151 


Cot x 


derivative of, 159 
integral of, 344 
inverse of, 187-188 


Cotangent function 


extended definition of, 22 
integral of, 344 
inverse of, 49, 187, 191 


Courant, Richard, 137 
Critical point, 227, 249, 849, 854 
Cross product 


with determinants, 727-729 

proof of distributive law for, 
AP-35—AP-36 

properties of, 726-727 

right-hand rule for, 726 

of two vectors in space, 726-727 


Cross Product Rule for derivatives of vector 


functions, 756-757 


Cross-sections 


horizontal, limits of integration and, 
891-892 

vertical, limits of integration and, 891 

volumes using, 365-372 


Csc x 


derivative of, 159 
integral of, 344 
inverse of, 187-188 


Cube, integral over surface of, 1005-1006 
Cube root function, 8 

Cubic functions, 9 

Curl, k-component of, 980-983 

Curl vector, 1014-1015 

Curvature 


calculation of, 773, 783 
center of, 775 

of plane curves, 772-775 
radius of, 775 

in space, 776 


Curved patch element, 995 
Curves 


area between, 347-353 

area under, 322, 505 

assumptions for vector integral calculus, 
970-971 

closed, 965 

contour, 796 

generating for cylinder surface, 740 

graphing of, 349-351 

initial point of, 653 

level, 835-836 

negatively oriented, 986 

parametric, 653-654 

parametrically defined, length of, 
663-666 

parametrized, 654, 668-669 


1-4 Index 


Curves (continued ) 


piecewise smooth, 754 
plane 
curvature of, 772-775 
flux across, 965-966 
lengths of, 384-388, 663-666 
parametizations of, 653-658, 751 
plates bounded by two, 409-410 
points of inflection of, 245-247, 250 
polar 
graphing of, 668-669 
length of, 681-682 
positively oriented, 986 
secant to, 61 
sketching, 244-252 
slope of 
definition of, 61-63, 123 
finding, 62, 123, 676 
smooth, 3-4, 384-386, 663-664 
curvature of, 772-775 
length of, 768 
speed on, 770 
torsion of, 781 
in space, 751-757 
arc length along, 768-770 
binormals to, 779 


evaluation of, by parts, 465 
existence of, 316-318 
Mean Value Theorem for, 328-331 
nonnegative functions and, 322-323 
notation for, 317 
properties of, 319-321 
shift property for, 356 
substitution in, 347-349 
of symmetric functions, 348-349 
of vector function, 760 
Definite integration by parts, 465 
Definite integration by substitution, 347, 935 
Degree, of polynomial, 9 
“Del f,” 833, 894-896 
Density 
circulation, 980-983 
as continuous function, 407 
flux, 985 
Dependent variable of function, 1, 793 
Derivative product rule, 141-142, 242 


Derivative quotient rule, 142-143, 159-160, 612 


Derivative rule for inverses, 178 
Derivative sum rule, 138-139, AP-8—AP-9 
Derivative tests, for local extreme values, 

225-226, 679-681, 848-852 
Derivatives 


formulas for, 783 
normals to, 774 
parametric equations for, 751 


vector equations for. See Vector functions 


tangent line to, 123 
tangents to, 59-64, 770, 835-836 
terminal point of, 653 
work done by force over, 962-964 
y = f(x), length of, 385 
Cusp, 131 
Cycloids, 657 
Cylinder(s) 
base of, 365 
parabolic, flux through, 1008 
parametrization of, 994 
quadric surfaces and, 740-743 
slicing with, 376-378 
volume of, 365 
Cylindrical coordinates 
definition of, 922 
integration with, 924-926 
motion in, 784-785 
parametrization by, 994 
to rectangular coordinates, 923, 930 
from spherical coordinates, 930 
triple integrals in, 922-930 
volume differential in, 923 
Cylindrical shells, volumes using, 376-381 
Cylindrical solid, volume of, 365-367 
Cylindrical surface, 390 


De Moivre’s Theorem, AP-32 
Decay, exponential, 40, 431 
Decay rate, radioactive, 40, 431 
Decreasing function, 6, 239-240 
Dedekind, Richard, 351, 590, AP-25 
Definite integrals 
and antiderivatives, 285-286 
applications of, 365-419 


average value of continuous functions and, 


323-324 
definition of, 299, 316-318, 339 


of absolute value function, 167 

alternate formula for, 128 

applications of, 223-298 

calculation from definition, 128 

of composite function, 163-168, 756 

of constant function, 136 

constant multiple rule for, 137-138 

of cosine function, 157-158 

Cross Product Rule, 756 

definition of, 128 

difference rule for, 138-139 

directional. See Directional derivatives 

Dot Product Rule, 756 

in economics, 151-152 

of exponential functions, 140-141, 424-425 

as function, 123, 128-132 

functions from, graphical behavior of, 
251-252 

General Power Rule for, 137, 183-184, 
425-426 

graphing of, 130 

higher-order, 143-144, 173 

of hyperbolic functions, 440-441 

of integral, 334 

of inverse functions, 177-185 

of inverse hyperbolic functions, 443-445 

of inverse trigonometric functions, 47-48, 
191 

involving log, x, 182, 427-428 

left-handed, 130-131 

Leibniz’s Rule, 363 

of logarithms, 177-185 

notations for, 129-130 

nth, 144 

one-sided, 130-131 

partial. See Partial derivatives 

at a point, 123-125, 131-132 

of power series, 622 

as rate of change, 146-152 

of reciprocal function, 128 

right-handed, 130-131 

second-order, 143-144 


of sine function, 156-160 
of square root function, 129 
symbols for, 144 
of tangent vector, 773 
third, 144 
of trigonometric functions, 156-160 
of vector function, 753-755 
as velocity, 147, 755 
Descartes, RenA, AP-10 
Determinant(s) 
calculating the cross product, 730 
Jacobian, 935, 937, 938, 940 
Difference quotient 
definition of, 124 
forms for, 128 
limit of, 124 
Difference Rules 
for antiderivatives, 283, 286 
for combining series, 589 
for derivatives, 138-139 
for derivatives of constant functions, 136 
for exponential functions, 140-141 
for finite sums, 311 
of geometric series, 589 
for gradient, 836 
for higher-order derivatives, 143-144 
for integrals, 320 
for limits, 69 
for limits of functions with two variables, 
803 
for limits of sequences, 576 
for products and quotients, 141-143 
for vector functions, 756 
Differentiability, 130-132, 810, 815, 817-819 
Differentiable functions 
constant multiple rule of, 137 
continuity and, 818 
continuous, 132, 663 
definition of, 128 
graph of, 206 
on interval, 130-131 
parametric curves and, 661 
partial derivatives, 810-812 
rules for, 137-144, 164-166, 756 
Taylor’s formula for, 628 
Differential approximation, error in, 208-209 
Differential equations 
initial value problems and, 283-284 
linear first order, 544-546 
particular solution, 284 
separable, 431-433 
Differential forms, 977-978 
Differential formula, short form of arc length, 
387-388 
Differentials 
definition of, 205 
estimating with, 206-208 
linearization and, 202-211 
surface area, for parametrized surface, 996 
tangent planes and, 843-845 
total, 844 
Differentiation 
Chain Rule and, 163-168 
derivative as a function, 128-132 
derivative as a rate of change, 146-152 
derivatives of trigonometric functions, 
156-160 
implicit, 171-174, 826-828 


and integration, as inverse processes, 334 
inverse trigonometric functions and, 187-191 
linearization and, 202-211 
related rates, 193-198 
tangents and derivative at a point, 123-125 
term-by-term for power series, 622 
of vector functions, rules for, 755-757 
Differentiation rules, 136-144 
Direct Comparison Test, 510 
Directed line segments, 709 
Direction 
along a path, 653-654, 950-951 
estimating change in, 841-842 
of vectors, 713 
Direction cosines, 724 
Directional derivatives 
calculation of, 832-834 
definition of, 831 
as dot product, 833 
estimating change with, 841-842 
gradient vectors and, 830-837 
and gradients, 833 
interpretation of, 832 
in plane, 830-832 
properties of, 834 
Directrix (directrices) 
of ellipse, 693 
of hyperbola, 693 
of parabola, 693, 695 
Dirichlet, Lejeune, 506 
Dirichlet ruler function, 121 
Discontinuity 
in dy/dx, 386-387 
infinite, 95 
jump, 95 
oscillating, 95 
point of, 95 
removable, 95 
Discriminant (Hessian) of function, 850 
Disk method, 368-370 
Displacement 
definition of, 147, 304 
versus distance traveled, 304—305, 333 
Display window, 29-32 
Distance 
in plane, AP-13—AP-15 
and spheres in space, 706-707 
in three-dimensional Cartesian coordinates 
point to line, 734-735 
point to plane, 735-736, 737-738 
point to point, 706 
Distance formula, 706, AP-14 
Distance traveled 
calculating, 301-303 
versus displacement, 304-305, 333 
total, 304, 333 
Distributive Law 
definition of, AP-24 
proof of, AP-35—AP-36 
for vector cross products, 727 
Divergence 
of improper integrals, 505 
limits and, 505 
nth-term test for, 588-589 
of sequence, 573-575 
to infinity, 575 
to negative infinity, 575 
of series, 585 


tests for, 510-512, 614 

of vector field, 983-985, 1027-1028 
Divergence Theorem 

for other regions, 1033-1034 

for special regions, 1031-1032 

statement of, 1028-1030 
Domain 

connected, 971 

of function, 1-3, 793, 794 

natural, 2 

simply connected, 971 

of vector field, 957, 971 
Dominant terms, 113-114 
Domination, double integrals and, 892 
Domination Rule for definite integrals, 320 
Dot product 

angle between vectors, 718-720 

definition of, 719 

directional derivative as, 833 

orthogonal vectors and, 720-721 

properties of, 721-723 
Dot Product Rule for vector functions, 756 
Double integrals 

over bounded nonrectangular regions, 

887-888 

Fubini’s theorem for calculating, 884-886 

in polar form, 900-904 

properties of, 892-893 

over rectangles, 882-886 

substitutions in, 934-939 

as volumes, 883-884 
Double integration, area by, 896-899 
Double-angle formulas, trigonometric, 25 
Dummy variable in integrals, 318 


definition of number, 140-141, 421 
as limit, 184-185 
natural exponential and, 38-39, 140-141, 
423-424 
as series, 632-633 
Eccentricity 
of ellipse, 693 
of hyperbola, 693 
of parabola, 693 
in polar coordinates, 692-694 
polar equation for conic with, 694 
Economics 
derivatives in, 151-152 
Cobb-Douglas production function, 865 
examples of applied optimization from, 
268-270 
Einstein’s mass correction, 210 
Electric field, 969 
Electromagnetic theory (Gauss’ Law), 1034 
Elements of set, AP-2 
Ellipse Law (Kepler’s First Law), 786 
Ellipses 
center of, 685, AP-17 
center-to-focus distance of, 686 
eccentricity of, 693 
focal axis of, 685 
major axis of, 686, AP-17 
minor axis of, 686, AP-17 
perimeter of, 665-666 
polar equations of, 694-696 
standard-form equations for, 687 
vertices of, 685 
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Ellipsoids 


definition of, 741 
graphs of, 743 
of revolution, 742 


Elliptic integral 


of first kind, 646 
of second kind, 666 


Elliptical cones, 741, 743 

Elliptical paraboloids, 743 

Empty set, AP-2 

Endpoint extreme values, 225 

Endpoint values of function, 94, 227 

Equal Area Law (Kepler’s Second Law), 786-787 
Equations 


for circles, AP-16 

differential. See Differential equations 

for ellipses, 687, 696, AP-16—AP-17 

Euler’s identity, 643-644 

focus-directrix, 693 

for hyperbolas, 687-689 

ideal projectile motion and, 762 

inverse, 427 

linear, AP-13 

parametric. See Parametric equations 

for plane in space, 735-736 

point-slope, AP-12 

polar for circles, 695 

polar for lines, 696 

related rates, 194-198 

relating polar and Cartesian coordinates, 673 

relating rectangular and cylindrical 
coordinates, 923 

relating spherical coordinates to Cartesian 
and cylindrical coordinates, 927 


Error analysis 


for linear approximation, 843 

for numerical integration, 498-501 

in standard linear approximation, 208-209, 
843 


Error estimation, for integral test, 596-598 
Error formula, for linear approximations, 


208-209, 843, 868 


Error term, in Taylor’s formula, 632 

Euler, Leonhard, AP-36 

Euler’s formula, AP-30—AP-31 

Euler’s identity, 643-644 

Euler’s method, 539 

Evaluation Theorem (Fundamental Theorem, 


Part 2), 331-333 


Even functions, 6-7 


e 


derivative of, 140-141, 424-425 
integral of, 424-425 

inverse equation for, 423-424 
laws of exponents for, 236, 425 


Exact differential forms, 977-978 

Expansion, uniform, for a gas, 982-983 
Expected value (mean), 520 

Exponential change (growth or decay), 430-431 
Exponential functions 


with base a, 36, 46, 425-426 

behavior of, 36-38 

derivatives of, 140-141, 180-182, 424-425 
description of, 10, 36 

general, 37-38, 46, 425-426 

growth and decay, 39-40 

integral of, 424-425 

natural, 38-39, 424 
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Exponential growth, 39, 431, 433-434 
Exponents 
irrational, 183-184 
Laws of, 236, 425 
rules for, 38 
Extrema 
finding of, 226-228 
global (absolute), 223-225, 227 
local (relative), 225-226, 240-242, 247-251, 
848 
Extreme Value Theorem, 224-225, 807, AP-24 
Extreme values 
constrained, and Lagrange multipliers, 860 
at endpoints, 225 
of functions, 223-228, 848-852 
local (relative) 
derivative tests, 226, 240-242 
for several variables, 848, 850 
for single variable functions, 225-226 


Factorial approximation, 535 
Factorial notation, 579 
Fan-shaped region in polar coordinates, 
area of, 680 
Fermat, Pierre de, 62 
Fermat’s principle in optics, 267 
Fibonacci numbers, 579 
Fields 
conservative, 970, 971-974, 1024-1025 
electric, 969 
gradient, 972 
gravitational, 969 
number, AP-24 
ordered, AP-24 
vector, 959-960 
Finite (bounded) intervals, 6, AP-3 
Finite limits, 104-115 
Finite sums 
algebra rules for, 311 
estimating with, 299-307 
limits of, 312-313 
and sigma notation, 309-312 
Firing angle, 762 
First Derivative Test, 239-242, 849, 858 
First derivative theorem for local extreme 
values, 226-227, 240-242 
First moments 
about coordinate axes, 916 
about coordinate planes, 916, 1010 
masses and, 915-917 
First-order differential equations 
applications of, 550-555 
autonomous differential equations, 557, 564 
Bernoulli differential equation, 550 
carrying capacity, 561 
competitive-hunter model, 564-566 
curve, sigmoid shape, 562 
equilibria, 557, 564 
equilibrium values, 557, 559, 564 
Euler’s method, 539 
exponential population growth model, 551 
falling body, encountering resistance, 560 
first-order linear equations, 544 
graphical solutions of autonomous differen- 
tial equations, 556-559 
initial value problems, 537 
integrating factor, 545 
Law of Exponential Change, 551, 561 


limit cycle, 566 
limiting population, 561 
logistic population growth, 561 
mixture problems, 553 
motion with resistance proportional to 
velocity, 550 
Newton’s law of cooling, 559 
Newton’s second law of motion, 560 
numerical method and solution, 539 
orthogonal trajectories, 552 
phase lines and phase planes, 557, 564 
predator-prey model, 568 
resistance proportional to velocity, 550 
rest points, 564 
RL circuits, 548 
slope fields, 538 
solution curves, 538 
solution of first-order equations, 546 
standard form of linear equations, 544 
steady-state value, 548 
systems of differential equations, 563 
terminal velocity, 561 
Flat plate, center of mass of, 406-409, 916 
Flight time, 763 
Flow integrals, 964-965 
Fluid flow rates, 984 
Fluid force against a vertical plate, 400 
Fluid forces, work and, 964 
Fluid forces and centroids, 411 
Fluid pressure, 398-400 
Flux 
across plane curve, 965—966 
across rectangle boundary, 984—985 
calculation of, 986, 1007-1010 
versus circulation, 965 
definition of, 965, 1008 
surface integral for, 1007-1010 
Flux density (divergence), of vector field, 985, 
1027-1028 
Foci, 683-689 
Forces 
addition of, 711-712 
constant, 395 
field of, 962 
variable along line, 395-396 
work done by 
over curve in space, 962-964 
through displacement, 723 
Free fall, Galileo’s law for, 59, 148-149 
Frenet, Jean-FrAdAric, 7719 
Frenet frame 
computational formulas, 781 
definition of, 779 
torsion in, 780-781 
Fubini, Guido, 885 
Fubini’s theorem for double integrals, 884-886, 
889-891, 901, 907 
Functions 
absolute value, 5 
addition of, 14-15 
algebraic, 10 
arcsine and arccosine, 48-50 
arrow diagram of, 2, 794 
combining of, 14-21 
common, 7-11 
component, 751 
composite. See Composite functions 
constant, 7, 67-68, 136, 305-306 


continuity of, 94, 753, 805 

continuous. See Continuous functions 

continuous at endpoint, 94 

continuous at point, 101-102, 753, 805 

continuous extension of, 101-102 

continuous over a closed interval, 96 

continuously differentiable, 384, 392, 
663-664 

cosine, 22, 156-158 

critical point of, 227, 849 

cube root, 8 

cubic, 9 

decreasing, 6, 239-240 

defined by formulas, 14 

defined on surfaces, 824-826 

definition of, 1 

dependent variable of, 1, 793 

derivative as, 123, 128-132 

derivative of, 124, 128, 131-132, 754 

from derivatives, graphical behavior of, 
251-252 

differentiable. See Differentiable functions 

discontinuity of, 95-96, 805 

domain of, 1-3, 14, 793, 794 

even, 6—7 

exponential. See Exponential functions 

extreme values of, 223-228, 848-854, 
860, 863 

gradient of, 833 

graphing with software, 29-34 

graphs of, 1-11, 14-21, 796 

greatest integer, 5 

Hessian of function of two variables, 850 

hyperbolic. See Hyperbolic functions 

identity, 24-25, 67-68, 1024 

implicitly defined, 171-173, 826 

increasing, 6, 239-240 

independent variable of, 1, 793 

input variable of, 1, 793 

integer ceiling, 5 

integer floor, 5 

integrable, 318-321, 760, 883, 907 

inverse. See Inverse functions 

least integer, 5 

left-continuous, 94 

limit of, 66-73, 802 

linear, 7 

linearization of, 202—205, 842-843 

logarithmic. See Logarithmic functions 

machine diagram of, 2 

of many variables, 828 

marginal cost, 151 

maximum and minimum values of, 223, 
225-226, 242, 852-854 

monotonic, 239-242 

of more than two variables, 807, 814-815, 
845 

multiplication of, 14 

natural exponential, definition of, 38-39, 424 

natural logarithm, 45, 179-182, 420-421 

nondifferentiable, 131-132 

nonintegrable, 318 

nonnegative 

area under graph of, 322-323 
continuous, 305-306 

numerical representation of, 4 

odd, 6 

one-to-one, 41-42 


output variable of, 1, 793 
piecewise-continuous, 318 
piecewise-defined, 5 
piecewise-smooth, 970. 
polynomial, 8 
position, 5 
positive, area under graph of, 306 
potential, 970 
power, 7-8, 183-184 
quadratic, 9 
range of, 1-3, 793, 794 
rational. See Rational functions 
real-valued, 2, 751, 793 
reciprocal, derivative of, 128 
representation as power series, 626-630 
right-continuous, 94 
scalar, 751 
scaling of, 16-18 
scatterplot of, 4 
of several variables, 793-798 
shift formulas for, 16 
sine, 22, 156-158 
in space, average value of, 911-912 
square root, 8 
derivative of, 129 
symmetric, 6-7, 348-349, 675 
of three variables, 796-798, 823-824, 
836-837 
total area under graph of, 335 
total cost, 151 
transcendental, 11, 428 
trigonometric. See Trigonometric functions 
of two variables, 794-795, 798, 818 
Chain Rule(s) for, 821-823 
Increment Theorem of, 818 
limits for, 801-805 
linearization of, 842-843 
partial derivatives of, 793-798, 810-812 
unit step, 68 
value of, 2 
vector. See Vector functions 
velocity, 304, 755 
vertical line test for, 4-5 
Fundamental Theorem of Algebra, AP-34 
Fundamental Theorem of Calculus 
arc length differential and, 667 
continuous functions and, 420 
description of, 328-336, 1036-1037 
evaluating definite integrals, 456 
for line integrals, 951 
Part | (derivative of integral), 329-331, 422 
proof of, 331 
Part 2 (Evaluation Theorem), 331-333 
Net Change Theorem, 333 
proof of, 331-333 
path independence and, 970 
Fundamental Theorem of Line Integrals, 971 


Gabriel’s horn, 514 
Galileo Galilei 
free-fall formula, 59, 148-149 
law of, 59 
Gamma function, 534, 948 
Gauss, Carl Friedrich, 311, 710 
Gauss’s Law, 1034 
General linear equation, AP-13 
General Power Rule for derivatives, 137, 
183-184, 425-426 


General sine function, 27 


General solution of differential equation, 284, 431 


Genetic data, and sensitivity to change, 152 
Geometric mean, 238, 429, 866 
Geometric series 
convergence of, 586 
definition of, 586-588 
Geometry in space, 704-750 
Gibbs, Josiah Willard, 770 
Global (absolute) maximum, 223, 852-854 
Global (absolute) minimum, 223, 852-854 


Gradient Theorem, Orthogonal, for constrained 


extrema, 860 

Gradient vector fields 

conservative fields as, 972 

definition of, 958-959 
Gradient vectors 

algebra rules for, 836 

curl of, 1024 

definition of, 833 

directional derivatives and, 830-837 

to level curves, 835-836 
Graphing, with software, 29-34 
Graphing windows, 29-32 
Graphs 

asymptotes of, 104-115 

of common functions, 7-11 

connectedness and, 99 

of derivatives, 130 

of equation, AP-10 

of functions, 3-4, 14-21, 796 


of functions with several variables, 793-798 


of functions with three variables, 796-798 
of functions with two variables, 795-796 
of parametric equations, 678 
in polar coordinates, 672, 675-678 
of polar curves, 678 
of sequence, 574 
surface area of, 1000 
symmetric about origin, 6, 675 
symmetric about x-axis, 6, 675 
symmetric about y-axis, 6, 675 
symmetry tests for, 675 
technique for, 678 
trigonometric, transformations of, 26-27 
of trigonometric functions, 24, 31-32 
of y = f(x), strategy for, 249-251 
Grassmann, Hermann, 713 
Gravitation, Newton’s Law of, 785 
Gravitational constant, 785 
Gravitational field 
definition of, 969 
vectors in, 958 
Greatest integer function 
definition of, 5 
as piecewise-defined function, 5 
Green’s formulas, 1039 
Green’s Theorem 
area by, 991 
circulation curl or tangential form, 986, 
988-866, 1016, 1036 


comparison with Divergence Theorem, 1027, 


1036 

comparison with Stokes’ Theorem, 1015, 
1036 

divergence or normal form of, 986, 1027, 
1036 

to evaluate line integrals, 988-866 
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forms for, 985-987 

generalization in three dimensions, 1036 

and the Net Change Theorem, 986 

in plane, 980-990 

proof of, for special regions, 989-990 
Growth 

exponential, 431 
Growth rates 

of functions, 431 


Half-angle formulas, trigonometric, 25 
Half-life, 40, 47, 435 
Halley, Edmund, 240 
Harmonic functions, 1038 
Harmonic motion, simple, 158-159 
Harmonic series 
alternating, 610-612 
definition of, 594 
Heat equation, 821, 881, 1039 
Heat transfer, 435-436 
Heaviside integration method, 485 
Height, maximum in projectile motion, 763 
Helix, 752 
Hessian of function, 850 
Higher-order derivatives, 143-144, 173, 817 
Hooke’s law of springs, 396-397 
Horizontal asymptotes, 104, 106-109, 112-113 
Horizontal scaling and reflecting 
formulas, 17 
Horizontal shift of function, 16 
Horizontal strips, 407-408 
Huygens, Christian, 656, 657 
Hydrodynamics, continuity equation of, 
1035-1036 
Hyperbolas 
branches of, 687 
center of, 687 
definition of, 687 
directrices, 693 
eccentricity of, 693 
equation of, in Cartesian coordinates, 
693-694 
focal axis of, 687 
foci of, 687 
polar equation of, 694 
standard-form equations for, 687-689 
vertices of, 687 
Hyperbolic functions 
definitions of, 439-440 
derivatives of, 440-441, 443-445 
graphs of, 442 
identities for, 439-440, 443 
integrals of, 440-441 
inverse, 441-442 
six basic, 440 
Hyperbolic paraboloid, 742, 743 
Hyperboloids, 741, 743 


i-component of vector, 713 
Identity function, 7, 67-68, 1024 
Image, 934 
Implicit differentiation 

Chain Rule and, 826-828 

formula for, 826 

technique for, 171-174 
Implicit Function Theorem, 827, 998 
Implicit surfaces, 998-1000 
Implicitly defined functions, 171-173 
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Improper integrals 
approximations to, 512 
calculating as limits, 504-512 
with a CAS, 509-510. 
convergence of, 505, 507 
of Type I, 505 
of Type I, 507 
Increasing function, 6, 239-240 
Increment Theorem for Functions of Two 
variables, 818, AP-38—AP-40 
Increments, AP-10—AP-13 
Indefinite integrals. See also Antiderivatives 
definition of, 285-286, 339 
evaluation with substitution rule, 
339-345 
Independent variable of function, 1, 793 
Indeterminate form 0/0, 255-259 
Indeterminate forms of limits, 255-261, 
642-643 
Indeterminate powers, 259-260 
Index of sequence, 573 
Index of summation, 309 
Induction, mathematical, AP-6—AP-9 
Inequalities 
rules for, AP-1 
solving of, AP-3—AP-4 
Inertia, moments of, 917-920 
Infinite discontinuities, 95 
Infinite (unbounded) intervals, 6, AP-3 
Infinite limits 
definition of, precise, 111-112 
description and examples, 109-111 
of integration, 504-507 
Infinite sequence, 572-581. See also Sequences 
Infinite series, 584-591 
Infinitesimals, AP-25 
Infinity 
divergence of sequence to, 575 
limits at, 104-115 
and rational functions, 106 
Inflection, point of, 227, 245-247, 250 
Initial point 
of parametric curve, 653 
of vector, 709 
Initial ray in polar coordinates, 671 
Initial speed in projectile motion, 762 
Initial value problems 
definition of, 284 
and differential equations, 283-284, 537 
separable differential equations and, 433 
Inner products. See Dot product 
Input variable of function, 1, 793 
Instantaneous rates of change 
derivative as, 146-147 
tangent lines and, 63-64 
Instantaneous speed, 59-61 
Instantaneous velocity, 147-148 
Integer ceiling function (Least integer function), 
5 
Integer floor function (Greatest integer 
function), 5 
Integers 
description of, AP-26 
positive, power rule for, 136-137 
starting, AP-8 
Integrable functions, 318-321, 883, 907 
Integral form, product rule in, 461-465 
Integral sign, 285 
Integral tables, 489-490 


Integral test 
for convergence of series, 593-598 
error estimation, 596-598 
remainder in, 597-598 
Integral theorems, for vector fields, 1036-1037 
Integrals 
approximation of 
by lower sums, 301 
by midpoint rule, 301 
by Riemann sum, 313-315 
by Simpson’s Rule, 496-498 
by Trapezoidal Rule, 495-496 
by upper sums, 300 
Brief Table of, 457 
definite. See Definite integrals 
double. See Double integrals 
exponential change and, 430-436 
of hyperbolic functions, 439-445 
improper, 504-512 
approximations to, 512 
of Type I, 505 
of Type II, 507 
indefinite, 285-286, 339-345 
involving log, 427-428 
iterated, 884 
line. See Line integrals 
logarithm defined as, 420-428 
multiple, 882-949 
nonelementary, 492-493, 640-641 
polar, changing Cartesian integrals into, 
902-904 
in polar coordinates, 900-901 
of powers of tan x and sec x, 472-473 
of a rate, 333-334, 987 
repeated, 884 
substitution in, 338-345, 347, 934-942 
surface, 1003-1012, 1017 
table of, 489-490 
trigonometric, 469-474 
triple. See Triple integrals 
of vector fields, 959-960, 1008 
of vector functions, 759-761 
work, 395-396, 962-964 
Integrands 
definition of, 285 
with vertical asymptotes, 507-509 
Integrate command (CAS), 591 
Integration 
basic formulas, 457 
with CAS, 491-492 
in cylindrical coordinates, 922-930 
and differentiation, relationship between, 334 
of inverse functions, 469 
limits of. See Limits of integration 
numerical, 494-501 
by parts, 461-467 
by parts formula, 462 
of rational functions by partial fractions, 
480-487 
with respect to y, area between curves, 
352-353 
in spherical coordinates, 928-930 
with substitution, 340, 347 
techniques of, 456-535 
term-by-term for power series, 623-624 
by trigonometric substitution, 475-478 
variable of, 285, 317 
in vector fields, 950-1044 
of vector function, 760-761 


Interest, compounded continuously, 39-40 
Interior point 
continuity at, 94 
finding absolute maximum and minimum 
values, 852 
for regions in plane, 795 
for regions in space, 797 
Intermediate Value Property, 99 
Intermediate Value Theorem 
continuous functions and, 99-100, 267-268, 
421, AP-24 
monotonic functions and, 239 
Intermediate variable, 823 
Intersection, lines of, 736-737 
Intersection of sets, AP-2 
Interval of convergence, 621 
Intervals 
definition of, AP-3 
differentiable on, 130-131 
parameter, 653-654 
types of, AP-3 
Inverse equations, 427 
Inverse function-inverse cofunction 
identities, 191 
Inverse functions 
definition of, 42-43 
derivative rule for, 178 
and derivatives, 177-185 
of exponential functions, 11, 41 
finding, 178-179 
hyperbolic, 441-442, 466, 467 
and integrating, 469 
and logarithms, 41-51 
trigonometric. See Inverse trigonometric 
functions 
Inverse trigonometric functions 
cofunction identities, 191 
definition of, 48, 187, 191 
derivatives of, 47-48, 191 
study of, 187-191 
Inverses 
finding of, 43-44 
integration and differentiation operations, 334 
of In x and number e, 423-424 
for one-to-one functions, 42-43 
of tan x, cot x, sec x, and csc x, 187-191 
Irrational numbers 
definition of, AP-2 
as exponents, 37, 183-184 
Irreducible quadratic polynomial, 481 
Iterated integral, 884 


Jacobi, Carl Gustav Jacob, 934 

Jacobian determinant, 935, 937, 938, 940 
j-component of vector, 713 

Jerk, 148, 149 

Joule, James Prescott, 395 

Joules, 395 

Jump discontinuity, 95 


k-component of curl, 980-983 

k-component of vector, 713 

Kepler, Johannes, 787 

Kepler’s First Law (Ellipse Law), 786 

Kepler’s Second Law (Equal Area Law), 786-787 
Kepler’s Third Law (Time-Distance Law), 787 
Kinetic energy and work, 402 

Kovalevsky, Sonya, 444 

kth subinterval of partition, 313, 317 


Lagrange, Joseph-Louis, 232, 857 
Lagrange multipliers 
method of, 860-863 
partial derivatives and, 857-864 
solving extreme value problems, 853 
with two constraints, 863-864 
Laplace, Pierre-Simon, 816 
Laplace equation, 820-821 
Launch angle, 762 
Law of cooling, Newton’s, 435-436 
Law of cosines, 25—26, 719 
Law of refraction, 268 
Laws of exponents, 236, 425 
Laws of logarithms 
proofs of, 235-236 
properties summarized, 45 
Least integer function, 5 
Least upper bound, 579, AP-24 
Left-continuous functions, 94 
Left-hand derivatives, 130-131 
Left-hand limits 
definition of, 87-88 
informal, 86-88 
precise, 77-83, 88 
Left-handed coordinate frame, 704 
Leibniz, Gottfried, 340, AP-25 
Leibniz’s formula, 642 
Leibniz’s notation, 130, 165, 202, 205, 317, 664 
Leibniz’s Rule, 363 
for derivative of an integral, 363 
for products, 221 
Length 
along curve in space, 768-770 
constant, vector functions of, 757 
of curves, 384-386, 663-666 
of parametrically defined curve, 663-666 
of polar coordinate curve, 681-682 
of vector (magnitude), 710, 711-712 
Lenses, light entering, 174 
Level curves, of functions of two variables, 796 
Level surface, of functions of three variables, 
796 
L’H6pital, Guillaume de, 255 
L’H6pital’s Rule 
finding limits of sequences by, 577-578 
indeterminate forms and, 255-261 
proof of, 260-261 
Limit Comparison Test, 510, 511, 601-603 
Limit Laws 
for functions with two variables, 803 
limit of a function and, 66-73 
theorem, 69, 105 
Limit Power Rule, 69 
Limit Product Rule, proof of, AP-19—AP-20 
Limit Quotient Rule, proof of, AP-20—AP-21 
Limit Root Rule, 69 
Limit theorems, proofs of, AP-19—AP-21 
Limits 
of (sin 0)/6, 89-91 
commonly occurring, 578-579, 
AP-22—AP-23 
continuity and, 59-122 
of continuous functions, 93-96, 98 
for cylindrical coordinates, 924-926 
definition of 
informal, 66-68 
precise, 77-83 
proving theorems with, 82-83 
testing of, 78-80 


deltas, finding algebraically, 80-82 
of difference quotient, 124 
e (the number) as, 184-185 
estimation of, calculators and computers for, 
71-72 
finite, 104-115 
of finite sums, 312-313 
of function values, 66-73 
for functions of two variables, 801-805 
indeterminate forms of, 255-261 
infinite, 109-111 
precise definitions of, 111-112 
at infinity, 104-115 
of integration 
for cylindrical coordinates, 924-926 
for definite integrals, 347-350 


finding of, for multiple integrals, 891-892, 


901-902, 907-911, 924-926, 929 
infinite, 504-507 
for polar coordinates, 901-902 
for rectangular coordinates, 907-912 
for spherical coordinates, 929 
left-hand. See Left-hand limits 
nonexistence of, two-path test for functions 
of two variables, 806 
one-sided. See One-sided limits 
of polynomials, 70 
power rule for, 69 
of rational functions, 70, 106 
of Riemann sums, 316-318 
right-hand. See Right-hand limits 
root rule for, 69 
Sandwich Theorem, 72—73 
of sequences, 574, 576-577 
two-sided, 86 
of vector-valued functions, 752-753 
¢-limits of integration, finding of, 929 
p-limits of integration, finding of, 929 
Line integrals 
additivity and, 952-953 
definition for scalar functions, 951 
evaluation of, 951, 960 
by Green’s Theorem, 988-866 
fundamental theorem of, 971 
integration in vector fields, 950-955 
interpretation of, 954-955 
mass and moment calculations and, 
953-954 
in plane, 954-955 
of vector fields, 957-966 
xyz coordinates and, 961 
Line segments 
directed, 709 
midpoint of, finding with vectors, 714 
in space, 732-738 
Linear approximations 
error formula for, 843, 868 
standard, 203, 842-843 
Linear equations 
general, AP-13 
Linear functions, 7 
Linear transformations, 935-936 
Linearization 
definition of, 203, 842 
differentials and, 202-211 
of functions of two variables, 842-843, 844 
Lines 
of intersection, for planes, 736-737 
masses along, 404-405 
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motion along, 147-151 
normal, 174 
normal, tangent planes and, 839-841 
parallel, AP-13 
parametric equations for, 732-733 
perpendicular, AP-13 
and planes, in space, 732-738 
polar equation for, 696 
secant, 61 
skew, 747 
straight equation lines, 732 
tangent, 63-64, 123 
vector equations for, 732-734 
vertical, shell formula for revolution 
about, 379 
work done by variable force along, 395-396 
Liquids 
incompressible, 985 
pumping from containers, 397-398 
In bx, 45, 235-236 
Inx 
and change of base, 46 
derivative of, 179-180, 422 
graph and range of, 45, 422-423 
integral of, 463 
inverse equation for, 45, 424 
inverse of, 423-424 
and number e, 45, 423-424 
properties of, 45, 422 
In x’, 45, 236 
Local extrema 
first derivative test for, 240-242 
first derivative theorem for, 226 
second derivative test for, 247-251 
Local extreme values 
definition of, 225-226, 848 
derivative tests for, 226-227, 
848-852, 850 
first derivative theorem for, 226-227, 849 
Local (relative) maximum, 225-226, 848, 854 
Local (relative) minimum, 225-226, 848, 854 
log, u, derivative of, 180-182, 427-428 
log, x, 
derivatives and integrals involving, 427-428 
inverse equations for, 46, 427 
Logarithmic differentiation, 182-183 
Logarithmic functions 
with base a, 44-45, 426-427 
change of base formula and, 46 
common, 45 
description of, 11 
natural, 45, 420-421 
Logarithms 
algebraic properties of, 45, 427-428 
applications of, 46-47 
with base a, 44-45, 426-427 
defined as integral, 420-428 
derivatives of, 177-185 
integral of, 463 
inverse functions and, 41-51, 423-424 
inverse properties of, 46, 427 
laws of, proofs of, 45, 235-236 
natural, 45, 420-421 
properties of, 45-46 
Logistic population growth, 561 
Loop, 965 
Lorentz contraction, 120 
Lower bound, 312 
Lower sums, 301 
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Machine diagram of function, 2 
Maclaurin, Colin, 627 
Maclaurin series, 627-628, 629 
Magnitude (length) of vector, 710, 711-712 
Marginal cost, 151, 268 
Marginal profit, 268 
Marginal revenue, 268 
Marginals, 151 
Mass. See also Center of mass 
along line, 404-405 
distributed over plane region, 405-406 
formulas for, 406, 408-409, 916, 954 
by line integral, 954 
and moment calculations 
line integrals and, 953-954 
multiple integrals and, 916, 919 
moments of, 406 
of thin shells, 1010-1012 
of wire or thin rod, 953-954 
Mass to energy equation, 211 
Mathematical induction, AP-6—AP-9 
Maximum 
absolute (global), 223, 852-854 
constrained, 857-860 
local (relative), 225-226, 848, 854 
Max-Min Inequality Rule for definite integrals, 
320, 328-329 
Max-Min Tests, 240-241, 247, 849, 850, 854 
Mean. See Expected value 
Mean value. See Average value 
Mean Value Theorems, 234-235, 239, 242, 422 
arbitrary constants, 281 
Cauchy’s, 260-261 
corollary 1, 234 
corollary 2, 234-235, 422 
corollary 3, 239 
for definite integrals, 328-331 
for derivatives, 232 
interpretation of, 233, 328 
laws of logarithms, proofs of, 235-236 
mathematical consequences of, 234-235 
for parametrically defined curves, 663 
proof of, 235-236 
Mendel, Gregor Johann, 152 
Mesh size, 495 
Midpoint of line segment in space, finding with 
vectors, 714 
Midpoint rule, 301, 302 
Minimum 
absolute (global), 223, 852-854 
constrained, 857-860 
local (relative), 225-226, 848, 854 
Mixed Derivative Theorem, 816, AP-36 
MObius band, 1007 
Moments 
and centers of mass, 404-413, 915-920, 954, 
1010 
first, 915-917, 1010 
of inertia, 917-920, 1010 
and mass calculations, line integrals and, 
953-954 
of solids and plates, 919 
of system about origin, 405 
of thin shells, 1010-1012 
of wires or thin rods, 953-954 
Monotonic functions, 239-242 
Monotonic Sequence Theorem, 580-581, 593 
Monotonic sequences, 579-581 


Motion 
along curve in space, 753-755, 779 
along line, 147-151 
antiderivatives and, 284-285 
direction of, 755 
in polar and cylindrical coordinates, 784-785 
with resistance, 550 
simple harmonic, 158-159 
vector functions and, 751, 753-755 
Multiple integrals. See Double integrals; Triple 
integrals 
Multiplication 
of complex numbers, AP-31 
of functions, 14 
of power series, 621-622 
scalar, of vectors, 711-712 
Multiplier (Lagrange), 853, 857-864 


Napier, John, 45 
Napier’s inequality, 364 
Natural domain of function, 2 
Natural exponential function 
definition of, 38-39, 424 
derivative of, 140-141, 424-425 
graph of, 38-39, 141, 424 
power series for, 632 
Natural logarithm function 
algebraic properties of, 45, 422 
definition of, 45, 420-421 
derivative of, 179-182, 422 
power series for, 624 
Natural logarithms, 45, 420-421 
Natural numbers, AP-2 
Negative rule, for antiderivatives, 283 
Net Change Theorem 
and Green’s Theorem, 986 
statement of, 333 
Newton, Sir Isaac, 328, AP-25 
Newton-Raphson method, 276-279 
Newton’s law of cooling, 435-436, 559 
Newton’s law of gravitation, 785 
Newton’s method 
applying, 277-278 
convergence of approximations, 278-279 
procedure for, 276-277 
Newton’s second law, 560 
Nondecreasing partial sums, 585 
Nondecreasing sequences, 580 
Nondifferentiable function, 131-132 
Nonelementary integrals, 492-493, 640-641 
Nonintegrable functions, 318-321 
Norm of partition, 314, 883, 923 
Normal component of acceleration, 778-783 
Normal distribution, 523 
standard form of, 525 
Normal line, 174, 839 
Normal plane, 781 
Normal vector, 776-777 
Notations, for derivative, 129-130, 811-812 
nth partial sum, 584-585 
nth-term test for divergence, 588-589 
Numerical integration, 494-501 
Numerical representation of functions, 4 


Oblique (slant) asymptote, 109 
Octants, 704 

Odd functions, 6-7 

One-sided derivatives, 130-131 


One-sided limits. See also Left-hand limits; 
Right-hand limits 
definition of 
informal, 86-88 
precise, 88 
derivatives at endpoints, 130-131 
involving (sin 6)/0, 89-91 
One-to-one functions, 41-42 
Open region, 795, 797 
Optics 
Fermat’s principle in, 267 
Snell’s Law of, 268 
Optimization, applied. See Applied optimization 
Orbital period, 786 
Order of Integration Rule, 320 
Ordered field, AP-24 
Oresme, Nicole, 574 
Orientable surface, 1007 
Origin 
of coordinate system, AP-10 
moment of system about, 405 
in polar coordinates, 671 
Orthogonal gradient theorem, 860 
Orthogonal trajectories, 552 
Orthogonal vectors, 720-721 
Oscillating discontinuities, 95 
Osculating circle, 775 
Osculating plane, 781 
Output variable of function, 793 
Outside-Inside interpretation of chain rule, 165, 837 


Paddle wheel, 1020-1023 
Parabola(s) 

approximations by, 496-498 

Archimedes’ formula, 337 

axis of, 684, AP-15 

definition of, 683 

directrix of, 683, 685, 695 

eccentricity of, 693 

focal length of, 684 

focus of, 683, 685 

as graphs of equations, AP-15—AP-16 

parametrization of, 654-655 

semicubical, 176 

vertex of, 684, AP-15 
Paraboloids 

definition of, 741 

elliptical, 743 

hyperbolic, 742, 743 

volume of region enclosed by, 909-910 
Parallel axis theorem, 922 
Parallel lines, 736, AP-13 
Parallel planes 

lines of intersection, 736 

slicing by, 366-367 
Parallel vectors, cross product of, 726 
Parallelogram 

area of, 727 

law of addition, 711-712, 719 
Parameter domain, 653, 993 
Parameter interval, 653-654 
Parameters, 653, 993 
Parametric curve 

arc length of, 663-666, 768-770 

calculus with, 661-669 

definition of, 653 

differentiable, 661 

graphing, 654-655, 678 


Parametric equations 
of circle, 654, 664-665 
for curves in space, 751 
of cycloid, 657 
definition of, 653-654 
of ellipse, 665 
graphing, 654-656 
of hyperbola, 656, 661-662 
of lines, 732-734 
for projectile motion, 761-763 
Parametric formulas, for derivatives, 661 
Parametrization 
of cone, 993 
of curves, 653-658, 751 
of cylinder, 994 
of line, 732-733 
of sphere, 993 
and surface area, 994-998 
of surfaces, 992-998 
Partial derivatives 
calculations of, 812-814 
Chain Rule for, 821-828 
with constrained variables, 870 
and continuity, 801-807 
continuous, identity for function with, 1024 
definitions of, 811 
equivalent notations for, 811 
extreme values and saddle points, 848-854 
of function of several variables, 793-798 
of function of two variables, 810-812 
functions of several variables, 793-798 
gradient vectors and, 830-837 
higher-order, 817 
Lagrange multipliers, 857-864 
second-order, 815-816 
tangent planes and, 839-845 
Partial fractions 
definition of, 487 
integration of rational functions by, 
480-487 
method of, 481-484 
Partial sums 
nondecreasing, 593-594 
nth of series, 584-585 
sequence of, 585 
Particular solution, of differential equation, 284 
Partitions 
definition of, 882-883 
kth subinterval of, 313 
norm of, 314, 883 
for Riemann sums, 314-315 
Parts, integration by, 461-467 
Pascal, Blaise, 585 
Path independence, 970 
Path integrals. See Line integrals 
Path of particle, 751 
Pendulum clock, 657 
Percentage change, 210 
Period of a pendulum, 170, 221 
Periodicity, of trigonometric functions, 24 
Perpendicular lines, AP-13 
Perpendicular (orthogonal) vectors, 720-721 
Physics, examples of applied optimization from, 
266-268 
Pi (77) 
recursive sequence for, 583 
series sum and, 598, 623, 642 
Piecewise-continuous functions, 318, 361-362 


Piecewise-defined functions, 5 
Piecewise-smooth curves, 754, 970 
Piecewise-smooth surface, 1004, 1015 
Pinching Theorem. See Sandwich Theorem 
Plane areas for polar coordinates, 679-68 1 
Plane curves 
circle of curvature for, 775-776 
lengths of, 384-388 
parametrizations of, 653-658 
Plane regions 
boundary point, 795 
bounded, 795 
interior point, 795 
masses distributed over, 405-406 
Plane tangent to surface, 839, 840 
Planes 
angles between, 738 
Cartesian coordinates in, AP-10 
directional derivatives in, 830-832 
distance and circles in, AP-13—AP-15 
equation for, 735 
Green’s Theorem in, 980-990 
horizontal tangent to surface, 848 
line integrals in, 954-955 
lines of intersection for, 736-737 
motion of planets in, 785-786 
normal, 781 
osculating, 781 
parallel, 736 
rectifying, 781 
in space, 732-738 
Planetary motion 
Kepler’s First Law (Ellipse Law) of, 786 
Kepler’s Second Law (Equal Area Law) of, 
786-787 
Kepler’s Third Law (Time-Distance Law) 
of, 787 
as planar, 785-786 
Plate(s) 
bounded by two curves, 409-410 
thin flat, center of mass of, 406-409 
two-dimensional, 916, 919 
Points 
boundary, 797 
of discontinuity, definition of, 94 
of inflection, 227, 245-247 
interior, 797 
in three-dimensional Cartesian coordinate 
system, distance to plane, 737-738 
Point-slope equation, AP-12 
Poiseuille’s formula for blood flow, 213 
Poisson, SimAon-Denis, 848 
Polar coordinate pair, 671 
Polar coordinates 
area in, 902 
area of polar region, 680 
Cartesian coordinates related to, 671-674 
conics in, 683, 692-697 
definition of, 671 
graphing in, 672, 675-678 
symmetry tests for, 675 
initial ray of, 671 
integrals in, 900-901 
length of polar curve, 681-682 
motion in, 784-785 
pole in, 671 
slope of polar curve, 676-677 
velocity and acceleration in, 784-787 
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Polar equations 
of circles, 697 
of conic sections, 694-696 
graphing of, 672 
of lines, 696 
Polyhedral surfaces, 1023 
Polynomial functions, definition of, 8 
Polynomials 
coefficients of, 8-9 
degree of, 9 
derivative of, 140 
limits of, 70 
quadratic irreducible, 481 
Taylor, 628-630, 635, 636 
Population growth 
logistic, 561 
unlimited, 433-434 
Position, of particle in space over time, 751 
Position function, acceleration and, 235 
Position vector, 709 
Positive integers 
definition of, AP-26 
derivative power rule for, 136-137 
Potential function, 970 
Potentials, for conservative fields, 974-977 
Power Chain Rule, 166-168, 172 
Power functions, 7-8, 183-184 
Power Rule 
for derivatives, general version of, 137, 
183-184, 425-426 
for limits, 69 
for limits of functions of two variables, 803 
natural logarithms, 45, 427 
for positive integers, 136-137 
proof of, 183-184 
Power series 
convergence of, 617-620 
radius of, 620-621 
testing of, 620-621 
multiplication of, 621-622 
operations on, 621-624 
reciprocal, 617 
term-by-term differentiation of, 622 
term-by-term integration of, 623-624 
Powers 
binomial series for, 639-640 
of complex numbers, AP-32 
indeterminate, 259-260 
of sines and cosines, products of, 470-471 
Preimage, 934 
Pressure depth equation, 398 
Principal unit normal vector, 776, 783 
Probability 
of a continuous random variable, 517 
mean, 520 
median, 521 
standard deviation, 522 
variance, 522 
density function, 517 
distributions 
exponentially decreasing, 518, 521 
normal, 523 
uniform, 523 
Product Rule 
for derivatives, 141-142, 242 
for gradient, 836 
in integral form, integration by parts, 
461-465 
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Product Rule (continued ) 

for limits, 69 

of functions with two variables, 803 
proof of, 142 

for natural logarithms, 45, 427 

for power series, 621-622 

for sequences, 576 
Products 

of complex numbers, AP-31 

of powers of sines and cosines, 470-471 

and quotients, derivatives of, 141-143 

of sines and cosines, 473-474 
Profit, marginal, 268 
Projectile motion, vector and parametric 

equations for, 761-763 

Projection, of vectors, 721-723 
Proportionality relationship, 7 
p-series, 595-596 
Pumping liquids from containers, 397-398 
Pyramid, volume of, 366-367 
Pythagorean theorem, 24, 26, AP-13, AP-27 
Pythagorean triples, 583 


Quadrants, of coordinate system, AP-10 
Quadratic approximations, 631 
Quadratic polynomial, irreducible, 481 
Quadric surfaces, 741-743 
Quotient Rule 
for derivatives, 142-143, 159-160, 612 
for gradient, 836 
for limits, 69 
of functions with two variables, 803 
proof of, AP-20—AP-21 
for natural logarithms, 45, 427 
for sequences, 576 
Quotients 
for complex numbers, AP-31—32 
products and, derivatives of, 141-143 


Radian measure and derivatives, 167-168 
Radians, 21-22, 23 
Radioactive decay, 40, 434-435 
Radioactive elements, half-life of, 47, 435 
Radioactivity, 434-435 
Radius 

of circle, AP-14 

of convergence, 621 

of convergence of power series, 620-621 

of curvature, for plane curves, 775-776 
Radius units, 21 
Random variable, 516 
Range 

of function, 1-3, 793, 794 

in projectile motion, 763 
Rate(s) 

average, 61 

of change, 59-64 

circulation density, 982, 1016 
flux density, 985, 1027 

instantaneous, derivative as, 63-64 

integral of, 333-334 
Rate constant, exponential change, 431 
Ratio, in geometric series, 586 
Ratio Test, 606-607, 618-619, 621, 639 
Rational exponents, 37 
Rational functions 

definition of, 9 

domain of, 9 

integration of, by partial fractions, 480-487 


limits of, 70 
at infinity, 106 
Rational numbers, AP-2, AP-26 
Real numbers 
construction of reals and, AP-25—AP-26 
development of, AP-26—AP-27 
properties of 
algebraic, AP-1, AP-23 
completeness, 38, AP-1, AP-23 
order, AP-1, AP-23 
and real line, AP-1 
theory of, AP-23—AP-26 
Real-valued functions, 2, 751, 793 
Rearrangement theorem, for absolutely 
convergent series, 613 
Reciprocal function, derivative of, 128 


Reciprocal Rule for natural logarithms, 45, 427 


Rectangles 
approximating area with, 299-301 
defining Riemann sums, 314-315 
double integrals over, 882-886 
optimizing area of, inside circle, 266-267 
Rectangular coordinates. See Cartesian 
coordinates 
Rectifying plane, 781 
Recursion formula, 579 
Recursive definitions, 579 
Reduction formula, 465, 490 
Reflection of graph, 16-18 
Refraction, Law of, 268 
Regions 
bounded, 795 
closed, 795, 797 
connected, 971 
general, double integrals over, 887-893 
open, 795, 797, 1024-1025 
plane 
interior point, 795 
masses distributed over, 404 
simply connected, 971 
solid, volume of, 888-891 
in space 
interior point, 797 
volume of, 907 
special 
divergence theorem for, 1031-1032 
Green’s Theorem for, 989-990 
unbounded, 795 
Regression analysis, 33 
least squares, 33, 856 
Reindexing infinite series, 590-591 
Related rates, 193-198 
Relative change, 210 
Relative (local) extrema, 225-226, 848 
Remainder 
estimating of, in Taylor’s Theorem, 632, 
633-634 
in integral test, 597-598 
of order n, definition for Taylor’s formula, 
632 
Remainder Estimation Theorem, 633, 635 
Removable discontinuities, 95 
Representation of function, power series, 
616-624 
Resultant vector, 711-712 
Revenue, marginal, 268 
Revolution 
areas of surfaces of, 390-393, 668-669 
ellipsoid of, 742 


Shell formula for, 379 
solids of 
disk method, 368-370 
washer method, 371-372 
surface of, 390 
about y-axis, 392-393 
Riemann, Georg Friedrich Bernhard, 313 
Riemann sums 
concept overview, 313-315 
convergence of, 317 
forming, 317 
for integrals, 406 
limits of, 316-318 
line integrals and, 950 
slicing with cylinders, 377 
for surface integrals, 1003 
total area of rectangle, 334 
for triple integrals, 923, 928 
volumes using cross-sections, 366 
volumes using cylindrical shells, 379 
work and, 396 
Right-continuous functions, 94 
Right-hand limits 
definition of, 87-88 
proof of, AP-21 
Right-handed coordinate frame, 704 
Right-handed derivatives, 130-131 
Rise, AP-11 
r-limits of integration, 901, 925 
Rolle, Michel, 231 
Rolle’s Theorem, 231-232 
Root finding, 100 
Root rule 
for limits, 69 
for limits of functions of two variables, 
803 
Root Test, 607-609, 621 
Roots 
binomial series for, 639-640 
of complex numbers, AP-32—AP-33 
finding by Newton’s Method, 277-278 
and Intermediate Value Theorem, 
99-100 
Rotation 
disk method, 368-370 
uniform, 985 
Run, AP-11 


Saddle points, 742, 849-850, 850, 854 
Sandwich Theorem 

limits at infinity, 108 

limits involving (sin 6)/0, 89 

proof of, AP-21 

for sequences, 576 

statement of, 72-73 
Savings account growth, 36-37 
Scalar functions, 751 
Scalar Multiple Rules for vector functions, 

756 

Scalar multiplication of vectors, 711-712 
Scalar products. See Dot product 
Scalars, definition of, 710 
Scaling, of function graph, 16-18 
Scatterplot, 4 
Schwarz’s inequality, 298, 725 
Sec x 

derivative of, 159 

integral of, 472-473 

inverse of, 187-188 


Secant, trigonometric function, 22 
integral of, 344 
Secant function 
extended definition of, 22 
integral of, 344 
inverse of, 49, 187, 191 
Secant lines, 61 
Secant slope, 62 
Second derivative test 
for concavity, 245 
derivation of, two-variable function, 866-868 
for local extrema, 247-251 
summary of, 854 
Second moments, 917—920, 1010 
Second-order differential equation topics 
covered online 
applications of second-order equations 
auxiliary equation 
boundary value problems 
complementary equation 
damped vibrations 
critical damping 
overdamping 
underdamping 
electric circuits 
Euler equation 
Euler’s method 
existence of second-order solutions 
forced vibrations 
form of second-order solutions 
general solution for linear equations 
homogeneous equations 
linear combination 
linearity 
linearly independent solutions 
method of undetermined coefficients 
nonhomogeneous equations 
power-series solutions 
second-order differential equations 
second-order initial value problems 
second-order linear equations 
second-order series solutions 
simple harmonic motion 
solution of constant-coefficient second-order 
linear equations 
superposition principle 
theorem on general solution form 
uniqueness of second-order solutions 
variation of parameters 
Second-order partial derivatives, 815-816 
Separable differential equations, 43 1-433 
Sequences 
bounded, 579-581 
calculation of, 576-577 
convergence of, 573-575 
divergence of, 573-575 
index of, 573 
infinite, 572-581 
to infinity, 575 
limits of, 574, 576-577 
by Continuous Function Theorem, 577 
by I’HOpital’s Rule, 577-578 
by Sandwich Theorem, 576 
monotonic, 580 
to negative infinity, 575 
of partial sums, 585 
nondecreasing, 580 
recursively defined, 579 
zipper theorem for, 583 


Series 
absolutely convergent, 604-605 
adding or deleting terms, 590 
alternating, 610-614 
harmonic, 610-612 
binomial, 638-640 
combining, 589-590 
conditionally convergent, 613 
convergence of, comparison tests for, 
600-603 
convergent, 585 
divergent, 585, 588-589 
error estimation, 596-598 
geometric, 586-588 
harmonic, 594, 610-612 
infinite, 584-591 
integral test, 593-598 
Maclaurin, 627-628 
p-, 595-596 
partial sum of, 584-585 
power, 616-624 
rearrangement of, 613-614 
reindexing, 590-591 
representations, of functions of power, 
616-624 
sum of, 584-585 
Taylor, 627-628, 631-637, 634-635 
tests 
for absolute convergence, 605 
alternating, 610-613 
Cauchy condensation, 599 
comparison, 600 
convergence, 600-603 
integral, 593-598 
limit comparison, 601-603 
Raabe’s, 650 
ratio, 606-607 
root, 607-609 
summary of, 614 
Set, AP-2 
Shearing flow, 982 
Shell formula for revolution, 379 
Shell method, 378-381 


Shells, thin, masses and moments of, 1010-1012 


Shift formulas for functions, 16 
Shifting, of function graph, 16 
Short differential formula, arc length, 387-388 
SI units, 395 
Sigma notation, 309-315 
Simple harmonic motion, 158-159 
Simply connected region, 971 
Simpson, Thomas, 497 
Simpson’s Rule 
approximations by, 496-498, 498-501 
error analysis and, 498-501 
Sine(s) 
extended definition of, 22 
integrals of products of, 473-474 
integrals of products of powers of, 470-471 
values of, 23 
Sine function 
derivative of, 156-158 
graph of, 10 
integral of, 470 
inverse of, 49, 188-189 
Sine-integral function, 514 
Sinusoid formula, 27 
Skew lines, 747 
Slant (oblique) asymptote, 109 
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Slicing 
with cylinders, 376-378 
by parallel planes, 366-367 
volume by, 366-367 
Slope 
of curve, 61-63 
fields, 538 
of nonvertical line, AP-11 
of parametrized curves, 655-656 
of polar coordinate curve, 676-677 
tangent line and, 123-124 
Smooth curves, 3-4, 384-386, 754 
Smooth surface, 994-995, 998 
Snell van Royen, Willebrord, 267 
Snell’s Law, 268 
Software 
graphing with, 29-34 
Solids 
Cavalieri’s principle of, 367 
cross-section of, 365 
three-dimensional, masses and moments, 
916, 919 
volume 
calculation of, 366 
by disk method, 368-370 
by double integrals, 883-884, 888-891 
by method of slicing, 365-372 
by triple integrals, 906-907 
by washer method, 371-372 
Solids of revolution 
by disk method, 368-370 
by washer method, 371-372 
Solution 
of differential equation, 431 
particular, 284 
Speed 
along smooth curve, 770 
average, 59-61 
definition of, 148 
instantaneous, 59-61 
of particle in space, 755 
related rates equations, 196-198 
over short time intervals, 60 
Spheres 
concentric, in vector field, 1033-1034 
parametrization of, 993 
in space, distance and, 706-707 
standard equation for, 706 
surface area of, 996-997 
Spherical coordinates 
definition of, 926 
triple integrals in, 926-930 
Spin around axis, 980-983 
Spring constant, 396, 397 
Springs 
Hooke’s law for, 396-397 
mass of, 953-954 
work to stretch, 397 
Square root function 
definition of, 8 
derivative of, 129 
Square roots, elimination of, in integrals, 472 
Squeeze Theorem. See Sandwich Theorem 
St. Vincent, Gregory, 666 
Standard deviation, 522 
Standard linear approximation, 203, 842 
Standard unit vectors, 713 
Step size, 495 
Stirling’s formula, 534 
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Stokes’ Theorem 
comparison with Green’s Theorem, 1014, 
1015, 1016, 1036, 1037 
conservative fields and, 974, 1024-1025 
integration in vector fields, 1014-1025 
for polyhedral surfaces, 1023 
surface integral in, 1017 
for surfaces with holes, 1024 
Stretching a graph, 17 
Substitution 
and area between curves, 347-353 
in double integrals, 934-939 
rectangular to polar coordinates, 901 
indefinite integrals and, 339-345 
in multiple integrals, 934-942 
trigonometric, 475-478 
in triple integrals, 939-942 
rectangular to cylindrical coordinates, 
923 
rectangular to spherical coordinates, 927 
Substitution formula for definite integrals, 
347-349 
Substitution Rule 
in definite integrals, 347 
definition of, 340 
for double integrals, 935 
evaluation of indefinite integrals with, 
339-345 
in triple integrals, 939 
Subtraction, of vectors, 712 
Sum Rule 
for antiderivatives, 283, 286 
for combining series, 589 
for definite integrals, 320 
derivative, 138-139 
for finite sums, 311 
of functions of two variables, 803 
of geometric series, 589 
for gradients, 836 
for limits, 69, 82 
of sequences, 576 
for vector functions, 756 
Sums 
and difference, of double integrals, 892 
finite, 613 
finite, estimation with, 299-307 
limits of, 312-313 
lower, 301 
partial, sequence of, 585 
Riemann. See Riemann sums 
upper, 300 
Surface area 
defining of, 390-392, 994-998 
differential for parametrized surface, 996 
of explicit surface, 1004 
of graph, 1000 
of implicit surface, 999-1000, 1004 
parametrization of, 994-998 
for revolution about y-axis, 392-393 
for sphere, 996-997 
Surface integrals 
computation of, 1004-1007 
for flux, 1007-1010 
formulas for, 1004 
integration in vector fields, 1003-1012 
of scalar functions, 1004 
in Stoke’s Theorem, 1017 
of vector fields, 1008 
Surface of revolution, 390 


Surfaces 


and area, 668-669, 992-1000 
functions defined on, 824-826 
with holes, 1024 

implicit, 998-1000 

level, 796 

orientable, 1007 
parametrization of, 992-998 
piecewise smooth, 1004, 1015 
plane tangent to, 839-841 
quadric, 741-743 

smooth, 994-995, 998 
two-sided, 1007 

of two-variable functions, 796 


Symmetric functions 


definite integrals of, 348-349 
graphs of, 6-7 
properties of, 6 


Symmetry tests, for graphs in polar coordinates, 


675 
0-limits of integration, finding of, 901-902, 
929 


System torque, systems of masses, 404—405 


Table of integrals, 457, 489-490 
Tabular integration by parts, 466, 533 
Tan x 


derivative of, 159 
integral of, 472-473 
inverse of, 187-188 


Tangent(s) 


to curves, 59-64, 770, 835-836 
of curves in space, 751-757 
extended definition of, 22 

to graph of function, 123-124 
to level curves, 835-836 

and normals, 174 

at point, 123-125 

slope of, 61 

values of, 23 

vertical, 132 


Tangent function 


extended definition of, 22 
inverse of, 49, 187, 191 


Tangent line approximation, 203, 842 
Tangent lines 


to curve, 123 
instantaneous rates of change and, 63-64 


Tangent plane approximation, 842 
Tangent planes 


horizontal, 849 
and normal lines, 839-841 
to a parametric surface, 994 


Tangent vector, 754 

Tangential component of acceleration, 778-783 
Tautochrones, 657-658 

Taylor, Brook, 627 

Taylor polynomials, 628-630, 635, 636 

Taylor series 


applying of, 634-635, 640-644 
convergence of, 631-637 
definition of, 627-628 
frequently used, 644 


Taylor’s Formula 


definition of, 631, 632 
for functions of two variables, 866-870 


Taylor’s Theorem 


definition of, 631 
proof of, 636-637 


Term of a sequence, 573 
Term of a series, 585 
Term-by-term differentiation, 622 
Term-by-term integration, 623-624 
Terminal point 
of a parametric curve, 653 
of vector, 709 
Theorem(s) 
Absolute Convergence Test, 605 
Algebraic Properties of Natural Logarithm, 
45, 422 
Alternating Series Estimation, 612, 635 
angle between two vectors, 718 
Cauchy’s Mean Value, 260-261 
Chain Rule, 165 
for functions of three variables, 823-824 
for functions of two variables, 821-822 
for two independent variables and three 
intermediate variables, 824 
Comparison Test, 600 
conservative fields are gradient fields, 972 
Continuous function for sequences, 577 
Convergence, for Power Series, 619 
curl F = 0 related to loop property, 
1024-1025 
De Moivre’s, AP-32 
Derivative Rule for Inverses, 178 
Differentiability implies continuity, 132, 818 
Direct Comparison Test, 601 
Divergence, 1028-1030 
Divergence of curl, 1031 
Evaluation, 331-333 
Exactness of differential forms, 977 
Extreme Value, AP-24, 224-225 
First derivative test for local extreme values, 
226-227, 849 
Formula for Implicit Differentiation, 826 
Fubini’s, 885, 889-891 
Fundamental, 328-336 
of Algebra, AP-34 
of Calculus, Part 1, 329-331 
of Calculus, Part 2, 331-333 
of Line Integrals, 971 
Green’s, 986 
Implicit Function, 827, 998 
Increment, for Functions of Two Variables, 
AP-38—AP-40, 818 
integrability of continuous functions, 318 
Integral Test, 594 
Intermediate value, 99-100 
Laws of Exponents for e*, 425 
I’ HOpital’s Rule, 255-261, 577-578 
Limit, proofs of, AP-19—AP-21 
Limit Comparison Test, 601—603 
Limit Laws, 69, 105 
Loop property of conservative fields, 973 
Mean Value, AP-36—AP-40, 231-236, 
234-235, 239, 281, 384-386, 663 
corollary 1, 234 
corollary 2, 234-235, 422 
for definite integrals, 328-331 
Mixed Derivatives, AP-36, 816 
Monotonic Sequence, 580-581, 593 
Multiplication of power series, 621 
Net Change, 333 
Nondecreasing Sequence, 580 
number e as limit, 184 
Orthogonal gradient, 860 
Pappus’, 411-413 


Properties of continuous functions, 96 

Properties of limits of functions of two 
variables, 803 

Ratio Test, 606 

Rearrangement, for Absolutely Convergent 
Series, 613 

Remainder Estimation, 633, 635 

Rolle’s, 231-232 

Root Test, 608 

Sandwich, AP-21, 72-73, 89, 108, 576 

Second derivative test for local extrema, 
247, 850 

Stokes’, 1016 

Substitution in definite integrals, 347 

Substitution Rule, 341 

Taylor’s, 631, 636-637 

Term-by-Term Differentiation, 622 

Term-by-Term Integration, 623-624 

Thickness variable, 379 


Thin shells, moments and masses of, 1010-1012 


Three-dimensional coordinate systems 
Cartesian, 704-707 
coordinate planes, 704 
cylindrical, 924-926 
right- and left-handed, 704 
spherical, 928-930 
Three-dimensional solid, 916, 919 
Three-dimensional vectors, component form 
of, 710 
Time-Distance Law (Kepler’s Third Law), 787 
TNB frame, 779 
Torque, 404-405, 729 
Torsion, 780-781, 783 
Torus, 1001—1002 
surface area of’, 413 
volume of, 412 
Total differential, 844 
Trace curve, 817 
Trachea contraction, 275 
Transcendental functions, 11, 428 
Transcendental numbers, 428 
Transformations 
Jacobian of, 937, 938 
linear, 935-936 
of trigonometric graphs, 26-27 
Transitivity law for real numbers, AP-24 
Trapezoid, area of, 323 
Trapezoidal Rule 
approximations by, 495-496, 498-501 
error analysis and, 498-501 
Triangle inequality, AP-5 
Trigonometric functions 
angles, 21-22 
derivatives of, 156-160 
graphs of, 10, 24, 31-32 
transformations of, 27, 49 
integrals of, 469-474 
inverse, 47-48, 187-191 
periodicity of, 24 
six basic, 22—23 
Trigonometric identities, 24-25 
Trigonometric substitutions, 475-478 
Triple integrals 
in cylindrical coordinates, 922-930 
properties of, 906-907, 912 
in rectangular coordinates, 906-912 
in spherical coordinates, 926-930 
substitutions in, 939-942 
Triple scalar product (box product), 729-730 


Tuning fork data, 4 
Two-dimensional vectors, component form of, 


710 


Two-path test for nonexistence of limit, 806 
Two-sided limits 


definition of, 86 
proof of, AP-21 


Two-sided surface, 1007 
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Genet 


nbounded functions, 21 
nbounded intervals, 6 
nbounded region, 795 
nbounded sequence, 579 
ndetermined coefficients, 487 
nified theory of vector field integrals, 1036-1037 
niform distribution, 523 
niformly continuous, 327 
nion of sets, AP-2 
nit binormal vector, 779 
nit circle, AP-14 
nit normal vector, 774 
nit step functions, limits and, 68 
nit tangent vector, 770-771, 783 
nit vectors 
definition of, 713 
writing vectors in terms of, 713-714 
niversal gravitational constant, 785 
pper bound, AP-24, 312 
pper sums, 300 


Value(s) 


absolute, AP-4—AP-6, AP-30 
average, 323-324 

extreme, 223-228, 848-854 

of function, 2-3, 911-912 

of improper integral, 504-505, 508 
local maximum, 225-226, 848 
local minimum, 225-226, 848 


Variable force 


along curve, 962-964 
along line, 395-396 


Variable of integration, 285, 318 
Variables 


dependent, | 

dummy, 318 

functions of several, 793-798, 807, 814-815, 

828 

independent, 1, 822, 823-824 

input, 793 

intermediate, 823 

output, 793 

proportional, 7 

thickness, 379-380 

three, functions of, 796-798, 836-837 
Chain Rule for, 823-824 

two, functions of, 794-795, 798, 818 
Chain Rule for, 821-823 
independent, and three intermediate, 

824-825 

limits for, 801-805 
linearization of, 842-843, 844 
partial derivatives of, 810-812 
Taylor’s formula for, 866-870 


Variance, 522 
Vector equations 


for curves in space, 751 

for lines, 732, 733-734 

of plane, 735 

for projectile motion, 761-763 
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Vector fields 


conservative, 970, 971-974 
continuous, 957 

curl of, 1014-1015 

definition of, 957-958 

differentiable, 957 

divergence of, 982-983 

electric, 969 

flux density of, 985 

gradient, 958-959, 971-972 
gravitational, 969 

integration in, 950-1044 

and line integrals, 957-966 

line integrals of, definition of, 959-960 
potential function for, 970 

surface integrals of, definition of, 1008 


Vector functions 


antiderivatives of, 759 

of constant length, 757 
continuity of, 752-753 

curves in space and, 751-757 
definite integral of, 760-761 
derivatives of, definition of, 754 
differentiable, 754 
differentiation rules for, 755-757 
indefinite integral of, 759-761 
integrals of, 759-764 

limits of, 752-753 


Vector product. See Cross product 
Vectors 


acceleration, 755, 779 
addition of, 711-712, 719 
algebra operations with, 711-713 
angle between, 718-720 
applications of, 715-716 
binormal, of curve, 779 
component form of, 709-711 
coplanar, 713 
cross product 
as area of parallelogram, 727 
in component form, 727-729 
definition of, 726 
as determinant, 727-729 
right-hand rule for, 726 
of two vectors in space, 726-727 
curl, 1014-1015 
definition of, 709 
direction of, 713 
dot product, definition of, 718 
equality of, 709 
and geometry in space, 704-750 
gradient, 833 
in gravitational field, 958 
i-component of, 713 
initial point of, 709 
j-component of, 713 
k-component of, 713 
length (magnitude) of, 710, 711-712 
midpoint of line segments, 714 
in navigation, 715 
normal, of curve, 776-777 
notation for, 709 
parallel, 726 
perpendicular (orthogonal), 720-721 
in physics and engineering, 715-716 
position, standard, 709-710 
principal unit normal, 774, 783 
projection of, 721-723 
resultant, 711-712 
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Vectors (continued ) 


scalar multiplication of, 711-712 
standard position, for a point, 709-710 
standard unit, 713 
subtraction (difference) of, 712 
tangent, of curve, 754 
terminal point of, 709 
three-dimensional, 710 
torque, 729 
Triple scalar product of, 729-730 
two-dimensional, 710, 720 
unit 
definition of, 713-714 
derivative in direction of, 831 
writing vectors in terms of, 713-714 
unit binormal, 779 
unit normal, 776 
unit tangent, 770-771 
velocity, 709, 755 
zero vector, 710 


Vector-valued functions. See Vector functions 
Velocity 


along space curve, 755 

angular, of rotation, 1021 

average, 147 

definition of, 147 

free fall and, 149 

instantaneous, 147-148 

in polar coordinates, 784-787 

and position, from acceleration, 235 


Velocity fields 


circulation for, 964-965 
flow integral, 964-965 


Velocity function 


acceleration and, 235, 755 
speed and, 304 


Vertical asymptotes. See also Asymptotes 
definition of, 112-113 
limits and, 104 
Vertical line test, 4-5 
Vertical scaling and reflecting formulas, 17 
Vertical shift of function, 16 
Vertical strip, 376, 407 
Vertical tangents, 132 
Viewing windows, 29-32 
Volume 
of cylinder, 365 
differential 
in cylindrical coordinates, 923 
in spherical coordinates, 928 
by disks for rotation about axis, 368 
double integrals as, 883-884 
by iterated integrals, 888-891 
of pyramid, 366-367 
of region in space, 907 
by slicing, 366-367 
of solid region, 888-891 
of solid with known cross-section, 366 
triple integrals as, 907 
using cross-sections, 365-372 
using cylindrical shells, 376-381 
by washers for rotation about axis, 371 
von Koch, Helga, 593 


Washer method, 371-372, 381 
Wave equation, 821 
Weierstrass, Karl, 511 
Weierstrass function, 136 
Whirlpool effect, 982 
Windows, graphing, 29-32 


Work 

by constant force, 395 

by force over curve in space, 962-964 

by force through displacement, 723 

and kinetic energy, 402 

kinetic energy and, 402 

pumping liquids from containers, 397-398 

by variable force along curve, 962 

by variable force along line, 395-396 
Work done by the heart, 212-213 


x-coordinate, AP-10 
x-intercept, AP-13 
x-limits of integration, 909, 911 
xy-plane 

definition of, 704 
xz-plane, 704 


y= f@ 

graphing of, 249-251 

length of, 384-386, 666-667 
y, integration with respect to, 352-353 
y-axis, revolution about, 392-393 
y-coordinate, AP-10 
y-intercept, AP-13 
y-limits of integration, 908, 910 

z-plane, 704 


Zero denominators, algebraic elimination of, 
70-71 

Zero vector, 710 

Zero Width Interval Rule, 320, 421 

z-limits of integration, 908, 909, 910, 925 
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A Brief Table of Integrals 


Basic Forms 


1. fe dx = kx + C_ (any number k) 


fe 
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Nad 


= In|x| + C 


vd 


at dx = = + (a > 0,a # 1) 


cosxdx = snx+C 


esc? x dx = —cotx + C 


11. csc x cot x dx = —cscx + C 


cosh x dx = sinhx + C 


dx 
a+ x 


1x 
ae G 


19. = sinh ! * + C (a> 0) 


| 
| 
| 
1B. [ corde Jaljanase 
7 
| 
[ver 


Va + x2 


Forms Involving ax + b 


. | (ax \" dx = Ca » nF 


: (ax 4 byt! ax + b b 
22, | xax + by ae = ae n+2 n+1 


23. fo + by dx = injax + | + € 
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6. [ sinxdr = -cosx + € 

8. | sectxdr=tanx + C 

10. [ secxtan di = seex + C 

12. J tanxac = in seo eG 
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29. a) | dx = tin |W ED VE 4 w | dx = 2 ant jax—=b 4 © 
xVax +b Vb Vax + b+ Vb xVax —b Vb b 


30, [YO Par = eee dx +C a. [ dx = Vax +b =| dx +C 
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tan” ax dx = =—& — | tan"? axdx, n#¥1 
a(n — 1) 


a(n — 1) 


esc ax dx = =a |csc ax + cot ax| + C 


eo 
= 


sec ax dx = in |sec ax + tanax| + C 


\S 
* 


sec? 2 ax dv = dtanax + C esc? ax dx = —} cot ax + C 


n-2 


sec axtanax , n—-2 = 
sec” ax dx = a= 1 + aa sec”? ax dx, n 


YK 


nt+ 1 n+ 1 V1 — @x2’ 


nt+1 xrtl dg 
x" tan! ax dx = “tan! ax oe =e n#-—I 


= 
S 
i] 


n—-2 a, 
100. | csc” ax dx coer Ores 2 esc” *axdx, n#1 
a(n — 1) n—- 1 
101. sec” ax tan ax dx = — a +C, n#0 102. / csc” ax cot ax dx = = ey Cc, n#O0 
Inverse Trigonometric Forms 
103. [x ax dx = x sin! ax + i] —-ax’+C 104. [eos ax dx = x cos! ax — : l-axr+C 
105. ow ax dx = x tan! ax — 5,1 (1 + ax?) +C 
n+l nt+1 
de 4 _ x | a x""* dx = 
106. fe sin ax dx Al 7 sin ax ~~ a n#z-—l 
n+l n+1 
107. a cos”! ax dx = 2—cos™! ax + —4 xn n#-l1 


1 +a 


A Brief Table of Integrals 


Exponential and Logarithmic Forms 


109. | dx =e +c 110, |e dae = +c 650041 
a alnb 
ax — (Ce A yax _ 1 A yax n n-1 AX 

WW. f xe“ dx = J (ax- 1) + C 112. f x"e™ dx = gxre™ — Gf x” e™ dx 

a 
113, {wea 2 ee, oS 0b 1 

alnb alnb 
114. | e“ sin bx dx = =—> (asin bx — bcos bx) + C 

eC+h 


JAX 


115. | e“ cos bx dx = pp (a cos bx + bsin bx) + C 116. [iracds =xInax-x+C 
a 2 


Bee. He, ee, Pe 


x dn ax)" a 
n m = n, m—1 as 
117. | x"(n ax)” dx ned a a (Un ax)”"' dx, n#A-1 
_ (In axyn*! dx 
118. | x 'dn axy” dx = —————- + C, m#-1 119. = In |In ax| + C 
m+ 1 x In ax 


Forms Involving \/2ax — x*,a > 0 


dx .-;{x-—a 
120, | 5 = sin ( Jee 
V2ax — x? ss 
= 2 _ 
ra. f Vie? dx = > "V/2ax + Fsn'(*Z4) +0 


— a)( V2ax — 3°)" | 
122. | ( V2ax = x7)" dx = eae [aaa dx 
n+ 1 n+ 1 


123 / dx _ aa a)( V 2ax — a _n-3 : ae 
: (V2ax — x?)" (n — 2)a* (n — 2)a? (V2ax — 2)" 
(x + a)(2Qx — 30 V2ax — x? r ® i (: : a) a 


124, f 2V2a5 x2 dx = 


\/ a a = 
125, f a Y de = V2ax — 2 + asin"! (4 a 2) +C 
=. +2 = = 
126, | a, Pe ee sirt(2 : *) ne 
x 


dx ._;/x-a dx 1 /2a-x 
1227. | 2S — = asin! ( ) V2ax —- x7 +C 128. / =-—,/] Sa 
V2ax — x? . xV2ax — x? * 


Hyperbolic Forms 


129, [son ax dx = 1 cosh ax +C 130. [eos ax dx = 1 inh ax +C 
M/S (2: | coinage = 2 
4a 2 4a 2 


na 


. n-1 — 
133. | sinh” ax dx = eee a : | sinh”? ax dx, n #0 


T-6 A Brief Table of Integrals 


n-1 7 _ 
134. [cow ax dx = cosh a sinh ax 47 7 cosh"~* ax dx, n#0 
135. iE sinh ax dx = ~ cosh ax — = sinh ax + C 136. p cosh ax dx = = sinh an 1 cosh ax +C 
a a’ 
: = x" n n—-1 n — x" n n=l 
137. | x” sinh ax dx = GZ cosh ax — G/} x" cosh ax dx 138. | x" cosh ax dx = | sinh ax — g | x” ~ sinh ax dx 
139. [ram ax dx = in (cosh ax) + C 140. [oom ax dx = in n |sinhax| + C 
141. ; tanh? ax dx = x — T anh ax +C 142. [cov ax dx =x — 1 oth ax +C 
_ _ tanh’ !a 5 
143. tanh” ax dx = — ———_— tanh"”-axdx, n#1 
(n — Da 
— eath ax e 
144. coth” ax dx = — = + coth””-axdx, n# 1 
(n — l)a 
145. 7 sech ax dx = 1 in (tanh ax) + C 146. [ost ax dx = lin tanh > +C 
147. . sech* ax dx = © anh ax + C 148. ; esch* ax dx = — oth ax +C 
n—2 = 
149. | sech" ax dx = Seen ae tana re oer sech” *axdx, n# 1 
(n — l)a n-1 
n—-2 = 
150. | csch" ax dx heres esch"-? ax dx, n#1 
(n — l)a n-1 
151. i] sech” ax tanh ax dx = — 4X 4 6 20 152. / esch’ ax coth ax dx = - SM 4 6 p20 
be thee | eee. gee 
. 2\|at+b a-b : 
(56d eee | | ae et oy 
2\;at+tb a-b 
Some Definite Integrals 
15s. [ x" le* dy =T(n) =(n—- I)!, n>O 156. | a 1 fe. a>0O 
) 


1- 


— T . 
_ ">> if m is an even integer =2 


r/2 1/2 
157. sin” x dx = / cos” x dx = 
0 


aes 


t@—-) 
perce ay 


OD RO 
a 
3 


*3° 
2° 
2:4. ae ; 
3 if n is an odd integer =3 


Trigonometry Formulas 


Definitions and Fundamental Identities y 
Bak : _y_ ol Pay 
Sine: sn@= 7 = mee : x, y 
‘A y 
: x 1 
Cosine: cosd = 7 = eu - >x 
27 oct 
Tangent: tand = >= ae 
Identities 


sin(—@) = —sin 8, 


sin? 86 + cos? 6 = 1, 


sin 20 = 2 sin @ cos 6, 
1 + cos 20 


cos? 9 = 5 


sin(A + B) = sinA 
sin(A — B) = sinA 


cos (-9) = cos 0 


sec? 0 = 1 + tan’, 
cos 20 = cos? 6 — sin? 0 
1 — cos 20 


. 2 = 
, sin’ é 5) 
cos B + cosA sin B 


cos B — cosA sin B 


cos(A + B) = cosAcos B — sinA sinB 
cos(A — B) = cosAcosB + sinA sinB 


Trigonometric Functions 


Radian Measure 


Cite le of 70” 


sf or 


180° = aw radians. 


S 
g=5, 


csc? 6 = 1 + cot? 6 


Degrees Radians 
45 
V2 1 V2 
45 90 
1 1 
30 
2 V3 2 V3 
60 90 


1 


The angles of two common triangles, in 


degrees and radians. 


tan A + tanB 
ee 1 — tanA tan B 


tan A — tanB 
1 + tanA tan B 


: Tw\ HY 8 
sin (4 _ r) = —cos A, cos (4 r) sin A 


sin(a + 2) = cos A, cos (4 + z) =—sinA 


tan(A — B) = 


2 


L asta + B) 


: ; _ 1 
sin A sin B 7 60S (A — B) 5) 


cos A cos B = F cos (A B) + 5 cos (A + B) 
sin A cos B = i sin(A B) + Fsin(A + B) 


sinA + sinB = 2 sin 5 (A + B) cos 5 (A — B) 
sinA — sinB = 2.cos 5 (A + B) sin 5 (A — B) 


cosA + cos B = 2 cos 5 (A + B) cos (A — B) 


cosA — cos B = 2sin 5 (A + B) sin} (A — B) 


Domain: (—%, °%) 


Range: 


Domain: (—%, °%) 


[-1, 1] Range: [—1, 1] 


Domain: 


Range: 


All real numbers except odd Domain: All real numbers except odd 
integer multiples of 7/2 integer multiples of 7/2 
(—20, 2) Range: (—%, —1] U[1, %) 

y y 

» y=cscx » 


| >X 


Domain: x # 0, +77, +27,... 


Range: 


Domain: x # 0, + 


(-—%, —1] U[]I, ») Range: (—%, %) 


SERIES 


Tests for Convergence of Infinite Series 


1. The nth-Term Test: Unless a, — 0, the series diverges. 5. Series with some negative terms: Does > |a,| converge? 
2. Geometric series: Sar" converges if |r| < 1; otherwise it If yes, so does 21a, since absolute convergence implies con- 
diverges. vergence. 


Sal 


Alternating series: a, converges if the series satisfies the 
conditions of the Alternating Series Test. 


3. p-series: >1/n’ converges if p > 1; otherwise it diverges. 


4. Series with nonnegative terms: Try the Integral Test, Ratio 
Test, or Root Test. Try comparing to a known series with the 
Comparison Test or the Limit Comparison Test. 


Taylor Series 


— =SLltxtete texte = De, [xl <1 
- n=0 
pyr lnxte- vee $f (Hx + => 1)"x", |x| <1 
ms x? x = x” 
las a ie a = 2a ie) <c e 
a x x x2” +1 —] yx 2n+1 
eee = (oe — < 

sinx =x ~ 3 +5 + (-1) Qn + pit => Grrr Qn + DI!” |x| < 00 

x2 x4 x (--1 yx 2n 

— nh a 
cosx = | att A + (1) 0 Tiel -> Ont” le) ee 
2 3 n —|y lon 

wo tyes feb scribe eg ee 
1+x = 24 _ x x x2nt _ oc) antl 
In, = 2 tanh va o(xe he St + Saget 22 oat |x] <1 

rea ~ x2nt1 —]yty2ntl 

= =) ee ee = n — =< 
ta tx=x— Zt % oO ag - > |x] <1 
Binomial Series 
— 1)x? =i — 2)x3 a | 2) es —k+ Ix* 

(l ays + my + eee wi a cl 7 as aie 


| 
+ 

iMs 

oo NS 

a 3 

Sa 
oe 
A 


V 
ae 


m m m(m — 1) m m(m — 1):+:(m— k + 1) 
1 =m, , ae [a El fork = 


Formulas for Grad, Div, Curl, and the Laplacian 


VECTOR OPERATOR FORMULAS (CARTESIAN FORM) 


Cartesian (x, y, z) 

i, j, and k are unit vectors 
in the directions of 
increasing x, y, and z. 

M, N, and P are the 
scalar components of 
F(, y, z) in these 


directions. 
sce | pclae the a Oe 
Gradient f ax ays oe 
5 _ OM , ON , OP 
Divergence | V-F = ~~ + a 
i j k 
~_|9 9 9@O 
Curl VxF= a Oy. oe 
M N P 
a a a 
Laplacian | V’f = f + I u 


ax? ay? Az” 


Vector Triple Products 


(u X v)*- w= (Vv X w):u = (W X U)°vV 


u X (v X w) = (Us w)v — (u:v)w 


Vector Identities 
In the identities here, f and g are differentiable scalar functions, F, F,, and F, are differentiable vector fields, and a and D are real 


constants. 


V x (Vf) =0 

Vife) = fVge + eV 

V-(gF) = gV-F + Ve-F 

V X (eF) = gV XF+VeXF 


V-(aF, + bF;) = aV °F, - bV -F, 
V X (aF, + DE.) =aV X FE, + bV XB 


V(F\-F)) = (F,:V)B + (2: V)F, + 
F, x (V X BE) + BX (V X FB) 


The Fundamental Theorem of Line Integrals 

Part 1 Let F = Mi + Nj + Pk be a vector field whose components 
are continuous throughout an open connected region D in space. 
Then there exists a differentiable function f such that 


Cd) C) Cd) 
Pavyp= i+ Sj i 


if and only if for all points A and B in D the value of [ S F- dr is 
independent of the path joining A to B in D. 


Part 2 If the integral is independent of the path from A to B, its value is 


B 
| F-dr = f(B) — f(A). 
A 


Green’s Theorem and Its Generalization to Three Dimensions 


Tangential form of Green’s Theorem: gr *T ds = | VX F-kdA 
c 


PPTas = II° xX F-ndo 


S 


Stokes’ Theorem: 


a 


Normal form of Green’s Theorem: gr *nds = | V-FdA 
GC 


[fence = [frre 


s 


Divergence Theorem: 


V-(F. XB)=B:-VXF-F-VXEB 


VX (F, X B) = (2: VY) — (FV) + 
(V-B)F, -- (V-FJE 


Vx (VX F) = V(V-F) —-(V-V)F = V(V-F) — VF 
(V x F) X F=(F-V)F— SV(F+F) 
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BASIC ALGEBRA FORMULAS 


Arithmetic Operations 


= Bo ae 
a(b + c) = ab + ac, ha bd 
a,c_ad+ be a/b ad 
bod bd c/d be 
Laws of Signs 
=a a_a 
a an a 
Zero Division by zero is not defined. 
0 = a a 
fart: ~~ =G @=1,.0=0 


For any number a: a:0 = 0-a = 0 


Laws of Exponents 


a"q' = qntn, (ab)" = a"b”, (a"y" = a™, qnin -_ wv qu= ( % a)” 
Ifa #0, 
a” _ = 1 
ee" a ad =1, a" = on 


The Binomial Theorem For any positive integer n, 


(n — 1) 


(a + by = a" + na™'b + s 1-2 a’ *b? 
mp3 + +++ + nab"! + br. 
For instance, 
(a+ bY? = a? + 2ab + b’, (a- br =a -2ab+ b* 
(a + bP = a3 + 3a°b + 3ab? + B’, (a — bP = a — 3a’b + 3ab? — DB’. 


Factoring the Difference of Like Integer Powers, n > 1 
a == a = ba" Ab a ab re a oe 


For instance, 
a@—b=(a- bat b), 
a@— b> =(a-— ba + ab + b’), 
at — b+ =(a— bla + ab + ab’? + DP). 


Completing the Square If a ¥ 0, 


2 
ax? + bx +e =au?+C (u= 2+ o/20,c=0- %) 


The Quadratic Formula If a 4 0 and ax? + bx + c = 0, then 


g2e8 + Vb* — 4ac 
2a : 


GEOMETRY FORMULAS 


A = area, B = area of base, C = circumference, S = lateral area or surface area, V = volume 


Triangle Similar Triangles Pythagorean Theorem 


b 
h 
a 
abc 
A= tbh a be a+b? = c? 
Parallelogram Trapezoid Circle 
a 
A=aq7r, 
b C=2ar 
b 
A=bh ‘ 
A= x(a + byh 
Any Cylinder or Prism with Parallel Bases Right Circular Cylinder 
rea 
V=arh 
S = 27rh = Area of side 
Any Cone or Pyramid Right Circular Cone Sphere 


wie 


S = mrs = Area of side 


| 4! 
| = & 


ar, S = 4rr 


LIMITS 


General Laws 
If L, M, c, and k are real numbers and 


lim f(xy) = L and lim g(x) = M, then 


Sum Rule: lim (f(x) + g(x)) =L+M 
Difference Rule: lim (f(x) — g(x)) = L-—M 
Product Rule: lim (f(x) * g(x)) = L*>M 
Constant Multiple Rule: lim (k* f(x) = ke L 
Quotient Rule: lim a = x, M#0 


The Sandwich Theorem 


If g(x) = f(x) S A(x) in an open interval containing c, except 
possibly at x = c, and if 


lim g(x) = lim h(x) = L, 


then lim,_.. f(x) = L. 


Inequalities 


If f(x) = g(x) in an open interval containing c, except possibly 
at x = c, and both limits exist, then 


lim f@Ms lim g(x). 


Continuity 


If g is continuous at L and lim,_,. f(x) = L, then 


lim g(f@®) = g@). 


Specific Formulas 
If P(x) = a,x" + a,—;x" ! + +++ + ao, then 


lim P(x) = P(c) = a,c" + a,-;c" | + +++ + a. 
X76 


If P(x) and Q(x) are polynomials and Q(c) # 0, then 


im 22) _ PO 


xe O(x) ~~ O(c)’ 


If f(x) is continuous at x = c, then 


lim fe) = f. 


L’H6pital’s Rule 
If f(a) = g(a) = 0, both f’ and g’ exist in an open interval / 
containing a, and g’(x) ¥ 0 on Jif x ¥ a, then 

fQ) f'(@) 


lim —~ = lim; 
xa g(x) xa § (x) 


? 


assuming the limit on the right side exists. 


General Formulas 


DIFFERENTIATION RULES 


Assume u and v are differentiable functions of x. 


Constant: 

Sum: 

Difference: 
Constant Multiple: 


Product: 


Quotient: 


Power: 


Chain Rule: 


Trigonometric Functions 
d,. = 

a (sin x) = cos x 

a eee 

cP (tan x) = sec- x 


d a 
Be (cot x) = —cse* x 


Dae 
de © =0 
d _ du, dv 
d. ere) dx * dx 
dy yy =u & 
dx ““ dx dx 
du 
eis Game 
_ du du 
ax v) Wk + ve. 
u du 


£ (Fg) = F'(g0))-8'@) 


d ee 

ae (cos x) = —sinx 

Es (sec x) = sec x tan x 
dx 


d 
ae (csc x) = —cse x cot x 


Exponential and Logarithmic Functions 


ee d,_1 
FT Mes de ltX =x 
d 


d = 
dx (log, Xx) os 


xIna 


Inverse Trigonometric Functions 


ee eee 1 d Sa ce 1 

oF (sin ~ x) == cP (cos x) = 
da af by es d a = a 

a (tan™ x) i+ x2 a (sec * x) Bi ae 

Mg AN oe a oe rn 
en (cot * x) Lae ik (csc x) ia Ve 
Hyperbolic Functions 

(ieee = da —— 

oF (sinh x) = cosh x ae (cosh x) = sinh x 

us (tanh x) = sech? x = (sech x) = —sech x tanh x 

dx dx 

4 (ont = eich? Och ey ececch oth 

a x csch* x dx eesch x ch x coth x 
Inverse Hyperbolic Functions 

es ar ee eee | 

a (sinh x) ee (cosh ~ x) aA 

d = d = 1 

dy (tanh! x) = 73 ZO Rs a 


d ies 1 
ay (eoth y= je 


Parametric Equations 


ae xy=Hr- — 
dx ele: aaa 


If x = f(#) and y = g(f) are differentiable, then 


, dy _ dy/dt 


~~ de dx/dt 


d’y  dy'/dt 
and aaa : 
dx’ dx/dt 


INTEGRATION RULES 


General Formulas 


Zero: / f@ dx = 0 
a b 
Order of Integration: y f@ dx = — i] f(x) dx 
b a 
b b 
Constant Multiples: 7 kf(x)dx =k] f(x) dx (Any number k) 
b b 
[-toa--f f(x) dx (k = —1) 
b b b 
Sums and Differences: / (f(x) + g(x)) dx = / f(x) dx + / g(x) dx 
b c tog 
Additivity: f(x) dx + / f(x) dx = / fQ) dx 
a b a 


Max-Min Inequality: If max f and min f are the maximum and minimum values of f on [a, b], then 


b 
min ft - a) = f fears max f(b — a). 


b b 
Domination: f(x) = g(x) on [a,b] implies / f(x) dx = / g(x) dx 


a a 


b 
f(x) =0 on [a,b] implies / f(x) dx = 0 


The Fundamental Theorem of Calculus 
Part 1 If f is continuous on [a,b], then F(x) = i 7 f@ dt is continuous on 
[a,b] and differentiable on (a, b) and its derivative is f(x): 


Fa@y=4 : “flO dt = fo. 


Part 2 If f is continuous at every point of [a,b] and F is any antiderivative of 
fon [a,b], then 


b 
/ f(x) dx = F(b) — F(a). 


Substitution in Definite Integrals Integration by Parts 
tb) 


b b b b 
/ f(g) + g'(x) dx = f(u) du / f@)g'@) ae = flee as / Ff’ Cg) dx 


g(a) 


